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PREFACE 


Progress in genetics has been so rapid during the past six years as to 
require considerable modification of the treatment of many of the topics 
discussed in the second edition of this book. The chief progress has 
resulted from improvements in technique, first, in cytological methods, 
especially in dealing with the giant salivary gland chromosomes of 
certain insects and in the study of the mechanism of germinal and 
somatic crossing over; second, in the use of radiations for the study of 
mutation; third, in the application of the methods of descriptive and 
experimental morphology, especially of transplantation in animals, to 
the analysis of genic effects on development; and fourth, in the use of 
mathematical and statistical methods for the study of populations. 
All these methods have contributed primarily to developmental or physi- 
ological genetics and to evolutionary or population genetics, two fields 
which are now receiving particular emphasis. The basic principles of 
genetics have not been radically altered, although the proof of the “posi- 
tion effect” hypothesis bids fair to require a reassessment of previous 
postulates concerning the gene. This new material has been added in 
the present edition. It has been possible for the authors to be brief in 
these regards because reviews of two of the fields chiefly affected (Dob- 
zhansky^s “Genetics and the Origin of Species” and Goldschmidt’s 
“Physiological Genetics”) have appeared recently and the student will 
find full discussions and bibliographies in these books. In addition 
there have been included a new chapter on cytoplasmic inheritance, in 
order to repair an obvious defect of previous editions; new material on 
the interpretation of heterosis and of multiple-factor inheritance; new 
evidence on mutation frequency in natural populations and on alio- and 
autopolyploidy; and a number of other topics of current interest. The 
heart of the book, however, continues to be general and well-established 
principles and the exemplification of these in problems for the student 
to solve. 

To make room for the new topics and the many new illustrations 
without increasing the length of the book, the authors have redistributed 
and rewritten much of the material in the latter half of the book. A short 
and simplified treatment of elementary biometric methods has been 
given in connection with multiple-factor inheritance, and methods of 
testing ratios f or goodness of fit have been given in connection with the 
first discussions of segregation and independent assortment. Tables 
of Q'lid p have been added. 
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PREFACE 


A chapter on Genes and Chromosomes now contains the chief evi- 
dence on gene locations and chromosome changes in Drosophila. The 
addition of up-to-date maps of genetic, metaphase, and salivary chromo- 
somes together with lists of all the more important loci, drawings of the 
external features of the fly, and directions for the preparation of food 
media (in the Appendix) make this chapter useful as a guide to the 
study of heredity in this widely used laboratory animal. 

Inbreeding and heterosis are now treated in a separate chapter, 
and the origin of hereditary variations in two chapters, one dealing with 
gene mutations and induced mutations and the other with chromosome 
changes. The discussion of Genetics and Evolution has been rewu'itten 
and shortened. Attention is focused on chromosome changes in nature, 
on the origin, of evolutionary segregation, and on the parts played by 
mutation rate, population size, isolating factors, and hybrid sterility in 
evolutionary change. The chapter on Genetics and Development has 
been reorganized and simplified by the inclusion of fewer (but better) 
illustrative cases. 

The problems are an integral part of the text and follow directly the 
chapters to which they refer. The many new ones deal with the added 
material. The lists of literature cited, while not complete, will help the 
student in verifying the facts given and should introduce him to other 
.topics not treated in the text, a function formerly served by the reference 
problems, which are omitted in this edition. 

‘ The authors are indebted to Dr. A. F, Blakeslee, Dr. C. B. Bridges, 
Dr. M. Demerec, Professor Th. Dobzhansky, and Dr. B. P. Kaufmann 
for their courtesy in supplying new illustrations; to the late Professor 
E. W. East for criticism of Chapters X and XII; to Professor P. W. 
Whiting for his help with Chapter XI; to Dr. Katherine Brehme, Dr. 
Nathan Kaliss, Mr. Arthur Steinberg, and Mr. H, L. Weaver for assist- 
ance with the manuscript and proofs; and to Professor R. A. Fisher and 
Messrs. Oliver and Boyd for permission to reproduce the table of and 
p. Mr, Jack Godrich has prepared several new illustrations, and to him 
and to Mrs. Cecil Killien and Miss Dorothy Davis the authors extend 
their thanks for help with the manuscript. 

The Authors. 

N Yobk, 

December, 1938. 
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FOREWORD 


There is a common feeling that a textbook is a full and final exposition 
of the subject which it treats, and that by virtue of “knowing the book^^ 
one acquires all the knowledge of the subject which it is necessary to 
have. Such beliefs have little to justify them. No text is or can be 
complete or final; nor, if it were, would an understanding of the subject 
be gained by committing the whole book to memory. Knowledge is not 
acquired in this way, but grows in the minds of those who discover for 
themselves new facts and relationships. 

The principles of genetics have developed out of the arduous study of 
scores of investigators, and understanding of principles can best be gained 
by the student through a process which is somewhat similar to that 
employed in their original discovery. This process begins with, and is 
continually stimulated by, curiosity as to the methods and the mechanism 
of inheritance; it proceeds by the collection and study of facts, and by a 
critical discrimination between those which are true and relevant and 
those which are untrue or irrelevant; and finally it involves a considerable 
practice of the reasoning faculty by which deductions are made, and . , ’ 
applied or tested on many similar cases. It is only in this way that the 
process of inheritance can be understood. The learning of facts alone 
cannot accomplish this. 

As an aid to such a comprehension of the science of genetics, this 
book includes problems of three types, which form an integral part of 
the subject matter. These are designed to stimulate curiosity, to provide 
opportunity for practicing and extending the methods and appl3dng the • 
theories outlined in the text, and to point the way to other related facts 
not specifically treated in this book. They are not designed as memory '.i/ . 
tests, although the continual use of facts in solving problems is at once 
the best method of committing these facts to memory as well as of under- 
standing them. 

One of these aids consists of questions for thought and discussion. 
Answers to these are not to be found in the text itself, but may be reached 
by a process of reasoning for which only the premises are given. Famili- 
arity with the subject matter of the text will provide the raw material, 
while the synthesis resulting in a correct answer or intelligent discussion 
must take place in the student^s mind. 

Other problems are designed to provide more extended practice in 
reasoning from principles. Nearly all of this type require some compu- 

xiii 


FOREWORD 

XIV 

tation and may be most profitably studied as laboratory exercises under 
thfrulnce of an instructor. It is desirable to use labor-saving or 
^hor^lt” methods (such as the checkerboard mettod described on 
pat 70) wherever possible, in order that the mechanical work involved 
in calculation may not be regarded as the chief benefit to be derived from 
them. Efficient solving all of them is contained in the 

text or in the supplementary notes in the problems. _ . . . 

The references cited will aid the student in exanuning the original 
publications from which our knowledge is denved. OUhese Mendel s 
paper is stiU the most important and can be read with inteiest ly a 1 
students Citations of current literature are not intended to be complete ; 
they should, however, indicate to the student that the subject as a whole 
is not contained in the text but is growing by the continual accretion of 
reports of experiments, all of which do not yield results in entire con- 
sonance with the few points of view which it is possible to present m a 
brief textbook. Some of the references will lead to new material not 
mentioned in the text, which must be reconciled with the fundamental 
principles of genetics, while others may serve to make connections between 
the student’s knowledge of genetics and his experience in other directions. 


PRINCIPLES OF GENETICS 


CHAPTER I 

THE SCIENCE OF GENETICS 

Between those things which are alive — plants, animals, and man — 
and those things which are lifeless there exists a great gap, which science 
has not yet bridged. All living things are endowed with certain char- 
acteristic properties of structure and of behavior which in the aggregate 
have been named but as to what calls forth this remarkable phenom- 
enon out of lifeless matter we are still essentially ignorant. 

There is, however, general agreement concerning the chief peculiar- 
ities of living things. Life is always associated with a characteristic 
substance known as protoplasm, which is defined not merely by the 
materials of which it is composed but by the complex manner in which 
these materials are integrated into a living system. Protoplasm is not 
a continuous and homogeneous mass throughout the organism but is 
divided into definite though minute functional and structural units, the 
cells. Within each cell is a denser body — the nucleus — which exerts a 
governing influence over the activities of the cell. The cells are organized 
into animal and plant bodies each with a definite shape and structure 
and with peculiarities of behavior characteristic of the species of which 
it is a member. In the various cells of this body, complex chemical and 
physical changes take place whereby growth, repair, and reproduction 
are effected and the necessary energy for the vital activities of the organ- 
ism is released. These various characteristics of living things can be 
readily observed and described, but thus far there has been less success 
in explaining and understanding them. Many of the major problems 
of biology, which deal with the fundamental peculiarities of life, are still 
to be solved, and it is the province of genetics to elucidate the laws by 
which some of the aspects of life may be understood. 

The Continuity of Life, — Living organisms are characterized not 
merely by the specific peculiarities of form and function which we have 
just me^ntioned; their origin is also remarkable. The conclusions reached 
by all thorough study of the life histories of animals and plants clearly 
show that every living individual must always arise from some preexisting 
living individual and never directly from lifeless matter itself. The work 
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of Spallanzani and of Pasteur gave the death blow to the old belief in 
the '^spontaneous generation” of living things out of dead material and 
proved that even among the most minute organisms the spaik of life 
can be kindled only by life itself. Every animal and plant is therefore 
to be looked upon as the latest member of a long and uninterrupted 
succession of living beings, extending back, generation after generation, 
io the dawn of life. This is the essential teaching of the theory of evolu- 
tion. The actual origin of life itself is lost in the mists of antiquity, but 
the pageant of the evolutionary history of living things, which unfolds 
itself in the fossil record of ancient times, makes it clear beyond any 
reasonable doubt that the animals and plants of today are direct lineal 
descendants of earlier and more primitive types. Continuity is of th e 
essence ofji^. . 

individual living things grow old and die, how- 
ever, this continuity must be maintained by the transmission of life from 
one individual to a succession of new ones, its offspring. This process is 
known as reproduction and may take place in various ways. 

In the simplest methods, commonly called asexual or vegetative repro- 
duction, the body of the parent becomes divided into two or more parts, 
each of which grows into a new individual. With animals this method 
Hs uncommon except in the simplest types, but among plants the fact 
' that a small portion of the body, when removed and placed under favor- 
able conditions, will often restore the missing parts and establish itself 
as a new individual makes multiplication of this type easy and effective 
both in nature and through the various arts of plant propagation. 

Far commoner and more important than this asexual or vegetative 
method of reproduction, however, is that called sexual. An essential 
feature here is that the function of forming the new individual is dele- 
gated to single cells ^ which are set apart for this purpose. Sexual repro- 
duction consists of the union of two specialized sexual cells or gametes to 
form one cell, the fertilized egg or zygote^ from which develops a new 
individual To insure the successful consummation of this process is 
the function of a great variety of structures throughout the animal and 
the plant kingdoms. In all except the lowest forms the gametes them- 
selves are of two different types: small, usually motile, male gametes and 
relatively large, nonmotile female^ ones. Among animals the male 
gametes are known as sperms and are produced in a testis, and the female 
gametes are known as eggs or om, produced in an ovary. At fertilization 
a sperm and an egg come together and unite, the nucleus of one fusing 
completely with that of the other. The single cell I’esulting from this 
union begins to divide, forming a group of cells which develops into an 
embryo and finally into an adult organism. Among lower plants condi- 
tions are essentially like those in animals, although the sexual organs are 
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character. In the higher plants, however, a series 
[uctive structures— the flower, fruit, and seed have 


^ditarv bridge. Tbe plant at the right receives from ^ < 
jexual^cell, a^male gamete from one and a female gamete from 
ur^rece ve from each of the grandparents but one sexual cell, 
.urn, receive irom ^ the next, and over ^hich the entire 

exceedingly narrow one. 

*3 here produced within the minute 
' 5 within the ovules or potential seeds, 
into the embryo of the seed. 


Fig. 1. — The narrow hei 
its parents only one minute 
the other. The parents, in 
Thus the bridge which connects one generation 
inheritance must pass, is an c :--“C : 

been evolved. The male gametes are 
polUn grains, and the female gametes 
The fertilized egg develops i - 
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In all these cases of sexual reproduction the essential feature is 
that a parent contributes to each of its offspring only a single minute 
cell— a. bit of living substance so small that it is usually far beyond the 
limit of vision for the unaided eye. This extremely narrow bridge is the 
only direct physical link between parent and offspring, and across it 
everything must pass which is transmitted from one generation to the 
next (Rg. 1). 

Heredity.— As a result of this reproductive activity a continuous 
succession of new individuals arises. One of the most remarkable fea- 
tures of the process is that these new individuals tend to resemble their 
ancestors very closely. The offspring of a corn plant develop into corn 
plants and never into anything else; and those of horses always into 
horses. Furthermore, any particular kind or variety of corn or horses 
produces individuals of just that variety. Even very specific character- 
istics are often transmitted with great exactness through a long series of 
generations. In man himself the same phenomenon is no loss evident 
than in the lower organisms. In his own ^mily everyone must have 
observed some instances in which a trait has been repeatedly passed 
from parent to child or where it “runs in the family,” cropping out here 
and there in one or a few individuals. This Resembl ance among in di- 
t,, vidu als related by descent is called heredity. 

"T Heredity is such a universal and familiar fact that its .significance is 
often not realized. The physical bridge— the reproductive cells or 
■"e gametes — which connects one generation with the next is an extremely 
' narrow one. The sperms of animals are exceedingly minute, and the 
effective parts of the eggs, the nuclei, are no larger. It has been esti- 
mated that all the sperm from which the present population of the 
world (about 1,500,000,000) arose would make no larger bulk than a drop 
of water, and the nuclei of the same number of eggs would occupy about 
the same amount of space. In the living substance of the minute sexual 
elements must in some way be transmitted all the characteristics which 
the new individual inherits from its parents. Any particular adult 
character, such as size, shape, or color, obviously cannot be found in 
these cells; but something representing these characters and capable of 
producing them in the new individual must be there. In the case of 
man, the color of his eyes, hair, and skin; his susceptibility to various 
defects and diseases; the size, shape, and proportions of his body; his 
specific mental traits and capacities, together with many other character- 
istics, are definitely Imown to be inherited. In every human sperm, 
therefore, and in every egg there must be properties which reprc.sent all 
these characteristics and which, in cooperation with each other and with 
the factors in the environment, determine what kind of man or woman will 
develop from the fertilized egg. These minute particles of living sub- 
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stance, into which so much is packed and out of which so much emerges, 
are certainly among the most remarkable bits of matter in existence. 

Variation.— Close as these hereditary resemblances are, however, 
they are almost never resemblances. A group of offspring from 

the same parents may differ among themselves, and some or all of them 
may differ from their parents or more remote members of their family. 

In a group of brothers and sisters no two are exactly alike, but each has 
his distinctive peculiarities, and although all the children may show 
resemblances to their parents, they do so in different degrees. In the 
lower animals and in plants, where the number of offspring is usually 
very great, there often seems to be a much closer similarity between 
‘individuals, but even here critical study and increased familiarity will 
in most cases bring differences to light. 

These differences are known by the general name of variations. Many 
of them are due to a parceling out of traits among the various offspring 
according to a definite method of inheritance. Many others, however, 
are due to differences in heat, light, moisture, food, or other factors in 
the environment, for it should be remembered that most characteristics 
are profoundly affected by the surroundings in which the individual 
develops. Variations are, therefore, of many kinds and are due to many 
causes, but their presence is one of the most distinctive features of living 
organisms and indeed has been said to be the only invariable thing in ; 
the organic world. : 

Genetics and Its History— That branch of the science of biology 
which is concerned with the phenomena of inheritance and variation and ^ 
which particularly endeavors to discover the laws governing these 
similarities and differences between individuals related to one another 
by descent is called genetics. Unlike most of the other sciences genetics 
is very young, for as a distinct and recognized branch of knowledge its ' 
history goes back only about a third of a century. Development has - 
been extremely rapid during that time, and through the activity of a 
large number of investigators, it is still proceeding apace. The first 
knowledge of the facts of inheritance, however, began at a much earlier 
date, and what modern genetics is can perhaps best be understood by 
going back somewhat into the past. 

From the earliest times men have recognized the facts that 'Tike 
begets like'' and that offspring differ somewhat among themselves and 
from their parents. They have long used this knowledge, more or less 
unconsciously, perhaps, in choosing for breeding purposes those indi- 
viduals among their domesticated animals and plants which best suited 
their reQuirements. Only rarely were deliberate breeding methods used 
which depended on an empirical knowledge of the methods of reproduc- 
tion, such as the artificial pollination of the female date palm, which was 



principles of GEN epics 

practiced m Egypt and «>y 

able cultivated plants w w selecting fortuitous variations 

resulted from taming the mid problems of heredity 

among them. A 

and variation, however, has h g on improved knowledge ot 

its beginning and its . particularly of the sexual method, 

the reproductive P"°“g. “ _4e existence of sexual reproduction 

among animals was ear 7 parUts The ideas entertained by the 

their characteristics from both p ^ process, however, were often 

ancienlc « «■ „„ . modem basic, 

grotesque, md it ™ n the microscope and the establishmerrt of the 
following the invent ^ ^ ^ ffametes was determined. The male 

ceU theory, by the early microscopiste in the 

ceUs, spermatozoa, were seventeenth century, 

and their function as initiators of 
development in the egg was demon- 
strated experimentally early in the 
eighteenth century, although the na- 
ture of both egg and. sperm as single 

cells and of fertilization as the union 
of their nuclei was not made clear 
until the latter half of the nineteenth 
century. 

In the plant kingdom the very fact 
of sexuality was long unknown, as was 
the important part played by pollen in 
seed development. Camerarius, a 
physician of Tubingen, concluded as 
early as 1694 from experiments with 
plants that their reproduction also 
followed the sexual method known^ in 
Joseph GottUeb Ksireuter animals,- with the pollen functioning 
( 1733 - 1806 ). {Courtesy of Genetics,) male, the ovule as the lemaie, 

t Ip 1760 the -German botanist Kolreuter (Fig. 2) performed 
St careful experiments in plant hybridization, crossing two 
of tobacco by placing 4he poUen of one on the stigmas of the 
The offspring resulfkg from this expenment were intermediate 
t respects between the two parent species, thus provmg not only 
oUen performed an essential function in seed production but that 
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parental characters were transmitted both through the pollen and through 
the ovules. The growth of the pollen tube, the passage down it of the 
male gametes, the union of one of them with the egg cell in the ovule, 
and the subsequent development therefrom of the embryo of the seed 
were established at a later date when microscopical technique had become 
more highly perfected. Kolreuter performed a number of other experi- 
ments in hybridization, endeavoring to find how characters were trans- 
mitted from parent to offspring and later generations. He initiated a 
new direction in biological inquiry — the experimental study of hybridiza- 
tion — and it was the employment of this method which led most directly 
to the eventual discovery of the fundamental principles of heredity. 

In the late eighteenth and nineteenth centuries two other streams of 
biological interest became well marked, each dealing with what appeared 
to be problems of greater theoretical importance than the more modest 
and limited inquiries of the plant hybridizers. One of these dealt with 
the gradual evolution of animal and plant species and culminated in the 
publication of Darwin’s Origin of Species” in 1859. The other had 
for its object the elucidation of the problems of individual structure and 
development, the whole outlook on which had been altered first by Caspar 
Friedrich Wolff’s epigenetic theory of development and later by the 
generalization of the cell theory in 1838 by Schleiden and Schwann and 
its later application to the study of reproduction. 

The work of the plant hybridizers who followed Kolreuter showed 
that offspring tended to inherit equally from the pollen and from the 
seed parent; that the hybrids, although generally representing an inter- 
mediate or average condition between the parents, did sometimes 
resemble one parent much more closely than the other (Gartner); and 
that the progeny of the hybrids might contain individuals very much ' 
like each of the parental types (Goss). Naudin in 1862 concluded that 
a hybrid is a mixture of the potentialities of both parents and that these 
may separate and be distributed among the progeny of a hybrid: This 
so-called '^splitting” of hybrids was the nearest approach to the great 
principle of heredity which was discovered by Mendel, who stands at" 
the apex of this group of experimental botanists. . : 

Mendel and His Work —Gregor Mendel (Fig. 3), whose experiments 
in plant hybridization laid the foundation for most of the modern work 
on heredity and may well be said to have established genetics as a science, 
was a monk, and later abbot, in the Augustinian monastery at Briinn, 
Austria (now Brno, Czechoslovakia). In the cloister gardens he made 
crosses between varieties of the garden pea which differed in height, 
flower color, seed color, and other respects. The discoveries which 
resulted from these experiments were due, not only to Mendel’s unusual 
keenness in observation and clarity in reasoning, but to several notable 
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improvements in his method over those of his predecessors. He made 
repeated artificial hybridizations between plants which differed in various 
characteristics, but instead of studying inheritance in the whole complex 
individual as a unit, he singled out separate characteristics and observed 
them by themselves. He kept accurate pedigree records, which enabled 
him to know the ancestors of every individual plant. Perhaps more 
important still, in all cases where contrasting traits appeared in a group 
of offspring (both red-flowered and white-flowered plants, for example) 
he counted the number of individuals of each type and thus obtained a 



Fig. 3. — Gregor Johann Mendel (1822-1884). {From A. F. BhulL) 

statistical statement of his results. In short, he applied exact experi- 
mental methods to the problems of heredity. 

The results which Mendel obtained from these hybridization experi- 
ments were chiefly important in showing that inheritance was not a hit- 
or-miss affair but was subject to certain definite rules or laws; and that, 
consequently, if one knew enough about the ancestry and constitution 
of two parent plants, he could predict with a considerable degree of 
accuracy, not only what their offspring would look like, but the relative 
frequency with which the contrasting characters, brought in from various 
ancestral lines, would appear among, , them. Mendel discovered that 
the individual behaves in inherita^ll^s though it were an aggregation 
of independent and separable charac|c^ics, each of which is a distinct 
'“'‘unit^^ and may exist with any coml^^on of Other characteristics in a 
given individual. He also found that', when two contrasting characters 
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are brought together by a cross, the hybrid offspring are alike and often 
resemble one of the parents in this particular character much more 
closely than they do the other. Still more important, if two hybrids are 
bred together, both grandparental characteristics appear among the 
offspring and are sorted out in a definite fashion, a certain proportion of 
the individuals resembling one grandparent and another resembling the 
other. The particular combination of characteristics which distinguishes 
an individual may thus be broken up among its descendants, the various 
traits being sorted out among the offspring independently of one another, 
so that all sorts of new combinations may make their appearance, each 
in a definite and predictable fraction of the whole. Mendel thus formu- 
lated the first laws of inheritance and established the basis on which the 
later development of genetics has taken place. 

Investigations since Mendel— Important as MendeFs work has 
proved to be, it was not recognized as such by the scientists of his day. 
The results of his experiments with peas were collected in a single paper 
and published in 1866 in the proceedings of the Naturforschender Verein 
of Briinn, where they remained neglected for over thirty years. Mean- 
while the great controversy over the theory of evolution had begun, 
following the publication of Darwin's Origin of Species" in 1859, and 
the attention of biologists was centered upon argument and speculation 
rather than upon a careful experimental study of plants and animals 
themselves. Eather fantastic theories, based on little or no experimental 
evidence, were put forward, one of them by Darwin himself, to explain 
how parental traits were transmitted to offspring. The facts of heredity 
and variation were recognized, and indeed the theory of Natural Selec- 
tion was based upon them, but there was no establishment of anything 
like general laws of inheritance. In this period, however, the German 
zoologist Weismann, who was an able supporter of Darwin, called atten- 
tion to the fact that some traits of an individual are due to the inherent 
characteristics of its living substance and that others are produced by the 
surroundings in which it has developed. Weismann believed that the 
latter type, Avhich are now called ^'acquired" characters, are never 
inherited, and he performed a series of experiments to demonstrate the 
fact. This problem of the “inheritance of acquired characters" has 
since received a great deal of attention, and most of the evidence obtained 
supports Weismann's contention. 

Weismann also correctly identified the material basis of heredity 
with the nuclei of the gametes, and ;^^wed that, in many animals at 
least, the tissues from which tl^^^^^ctive cells are formed were 
specialized for this purpose ve:^|!.t|rly in development and were to some 
extent insulated from the tissuj^S the rest of the body and not suscep- 
tible to changes which brought about variations in the body. This 
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dichotomy in animal development Weismann summarized in his famous 
distinction between the germ plasm as the continuing, potentially immortal 
succession of reproductive cells md the somatoplasm j ox the tempomrji 
mortal envelope— the body— which the gametes produced anew in each 
generation. Germ plasm gave rise to both new germ plasm and somato- 
plasm, but the soma never gave rise to germ plasm. This distinction had 
great influence in focusing attention on the nuclear material of the 
gametes as the seat both of heredity and of heritable variations, but >since 
the distinction between germ plasm and somatoplasm does not seem to 
exist in plants, in which the processes of heredity and variation are 
similar to those in animals, it cannot be considered as of fundamental or 
universal importance. 

In the last years of the nineteenth century Francis Galton, a cousin 
of Darwin, became interested in heredity, particularly in its reference 
to man. He was the first to apply methods of statistical analysis to 
the phenomena of variation and heredity and thus established that branch 
of biological science which is now called biometry. Galton devised 
methods for measuring the degree of resemblance between parents and 
offspring and endeavored to determine the particular contribution which 
: was made to an individual by each of its ancestors. 

At the very end of the nineteenth century interest in the problems 
' df inheritance, which had been steadily growing, was brought to a head 
by the dramatic discovery and recognition of MendePs work. It so 
happened that three botanists, de Vries in Holland, Correns in Germany, 
and von Tschermak in Austria, who were themselves making experi- 
mental studies of heredity in plants, within the same year (1900) inde- 
pendently unearthed Mendel’s paper and proclaimed its importance 
to the world. Bateson in England had already recognized the discon- 
tinuous nature of hereditary variations and had obtained results from 
breeding experiments with poultry which led him to appreciate and 
quickly to confirm Mendel’s chief principle and to show that it applied 
to animals as well as plants. Many investigators in America and Europe 
soon began to study the applicability of Mendel’s laws to all sorts of 
plants and animals and made the youthful science of genetics one of the 
most active fields of biological research. 

^ It will be impossible here to mention more than a few of the investi- 
gators who have made important contributions to genetics during 
the past forty years or to outline the many advances in interpreting, 
amplifying, and modifying Mendel’s principles to conform to the great 
; array of new facts which hav^:%een;.ibrought to light. The importance 
of mutations, those sudden and unexplained changes in type which some- 
times occur in plants and animals, was^ emphasized by de Vries, whose ; 
intensive study of this aspect of gbnetics led him to propose the Mutation 
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Theory of evolution, based on a study of large, discontinuous variations 
as opposed to the many small but continuous ones chiefly emphasized 
by Darwin. The variations occurring in plants, which from their methods 
of reproduction (self-fertilization and asexual propagation) provide 
material for the study of inheritance uncomplicated by hybridization 
or crossing, were investigated by the Danish botanist Johannsen. He 
advanced the Pure-line hypothesis, which assumes that all individuals 
descended from a common ancestor by such methods of reproduction 
have an identical inherited constitution, or genotype^ and will continue to 
breed true regardless of environmental differences, forming lines geneti- 
cally pure for all their characters. Characters involving size or quantity, 
which for the most part do not show sharp and simple Mendelian assort- 
ment and which in their inheritance were long thought to be exceptions 
to MendeFs laws, have been definitely brought into line with the Mende- 
lian explanation by the Multiple-factor hypothesis, independently pro- 
posed by East and Nilsson-Ehle, 

The study of genetics stimulated the study of the material basis of 
heredity in the cell, and in particular of thovse remarkable bodies in' 
the nucleus, the c/iromosomes. Cytology, under the . leadership of 
0. Hertwig, Van Beneden, Boveri, and Wilson, made rapid strides ' 
in the late nineteenth and early twentieth centuries, and the laws gov- : 
erning the behavior of the chromosomes at cell division and especially ■ 
during the maturation of the gametes were discovered. The proof by / 
Boveri that each pair of chromosomes has an individuality of its own ^ 
led both him and Sutton to the theory that MendeFs units are located 
in the chromosomes, a fruitful hypothesis which was later proved by ' 
other workers. The knowledge thus gained, supplementing the results 
from breeding experiments, has thrown much light on the actual mechan- 
ism of inheritance. As a result, biologists are beginning to understand 
such problems as the factors which determine sex; the peculiar manner in 
which certain traits tend to stay together or show linked inheritance, in 
apparent violation of MendeFs Law of Independent Assortment; and ' 
most recently they have been able to specify the actual location of the 
factors of inheritance in the chromosomes. To T. H. Morgan and his 
associates and students is due the credit for opening up this new field of 
genetic research; and the small vinegar fly, Drosophila melanogaster 
■ (Fig. 4), upon which most of their work has been based, has now assumed 
as great an importance in genetics as the famous peas studied by 
Mendel. In the last few years an experimental attack on the problem 
of how new hereditary variations (mutations) arise has been begun. 
Mutations have been artificially induced by the application of radiant 
energy, and this promises to lead to a new understanding of this funda- 
. mental question of evolution. 
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The Value of Genetics. — Genetics is one of the youngest of the 


sciences, and the various ways in which it may prove its usefulness are 
only beginning to be recognized; but so many fields of human thought 
and activity involve an application of the principles of inheritance 
that the science which is concerned with these principles seems dowtined 
to be of great service in helping to solve some of the important theoreti(;al 
and practical problems which confront us. 

In AgricuUure.—The most obvious use to which a knowledge of the 
principles of genetics may be put is in the field where they first began 
to be studied— the practical breeding of our domestic animals and plants. 
The domestication and improvement of valuable animals and plants 
have been followed by an increase in knowledge of their nutrition, growth, 
and diseases and a progressive improvement in methods of care, feeding, 



Fig. 4.— Male and female vinegar fly, Drosophila mdanogaster, {After Morgan.) 


and cultivation. Most of these advances have been in the manipulation 
of the environment and have proved to be of temporary value, calling 
for renewed efforts in every year or generation. The limit of advance 
in this direction is being approached, and we are now recognizing that 
further progress must be gained chiefly through improvements in the 
inborn qualities of the animals and plants themselves. Such gains 
will have the advantage of being permanent, since we know that they 
may be transmitted to future generations. Already practical breeders, 
working without the newer knowledge of inheritance, have produced 
and improved a remarkable array of useful varieties on which our present 
agriculture is founded, but there is need for further improvement, 
particularly with respect to such traits as disease resistance and high 
productivity, which have become more important under modern condi- 
tions. Genetics, as such, has already made several practical contri- 
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butions to breeding and .has aided in the development of several valuable 
varieties of agricultural animals and plants. It has also been of value 
in explaining the reasons for the success or failure of many old established 
practices and in subjecting ancient beliefs about breeding to a critical 
examination by which errors have been corrected and in some cases 
unexpected improvements suggested. By its explanation, in terms of 
the Mendelian mechanism, of the effects of inbreeding and of the vigor 
which often follows crossing of different races or lines, it has made possible 
the development of systems of breeding which bid fair to place this 
fundamental economic industry on a rational and scientific basis. By 
demonstrating the methods by which new mutations may be induced, 
it has greatly increased the number and variety of hereditary variations 
which are the raw materials with which the breeder works. The ultimate 
value of genetics to agriculture will probably be found to consist quite 
as much in the new methods which it introduces and in the general 
point of view toward plants and animals which it stimulates on the part 
of the breeder as in specific improvements or additions to his supply of 
breeds and varieties. 

In Human Society , — The advancing knowledge of inheritance is also 
beginning to prove of value in a field which has seldom been invaded by 
biology — the improvement of the human race itself. It has become 
evident that the characteristics of men are subject to the same laws of 
inheritance which govern the traits of animals and plants. The applied 
science of eugenics is seeking to learn more about these traits and, on the 
basis of this knowledge, to devise a program for the improvement of the 
heritable qualities of mankind. This obviously cannot be accomplished 
by a direct application of the breeding methods which have been devel- 
oped with animals and plants; but through the awakening of an intelligent 
interest in the problem, much progress may be made, both in a gradual 
elimination of defective stocks and in the increase of more desirable 
human material. Genetics has already weakened the prevalent belief 
that human traits result chiefly from the action of external or environ- 
mental agencies and has promoted a more general understanding of the 
fact that forces innate in man are no less important in controlling and 
directing his fate than are those which originate in his surroundings. 

In Scientific Theory , — Important as genetics has been and promises 
to be in practical matters, its potential contributions to biological theory 
, are even greater. An understanding of the method of evolution in the 
animal and plant kingdoms must be based on a knowledge of the way in 
which traits are transmitted from parents to offspring, and genetic 
investigation has already been of marked service in leading to a concep- 
tion of evolution based on experimental evidence rather than on random 
observation and speculation. An unexpected outcome of genetic research 
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has also been a much more definite knowledge of the structure of living 
protoplasm itself. Breeding investigations have enabled us not only to 
identify the chromosomes of the nucleus as the seat of genetic factors 
but even in some cases to map the exact position of these factors in the 
chromosomes. 

In Education and Culture— A study of genetics is useful, not only for 
the reasons which we have enumerated, but for its own intrinsic interest 
and value as well. Perhaps the chief gain to be derived from the pursuit 
of any science lies in a stimulation of interest and curiosity as to natural 
phenomena, practice in inductive reasoning from observed fact to theory, 
and training in the formation of critical judgments. Genetics is a par- 
ticularly favorable subject for the exercise of all these faculties because of 
the peculiar interest which always attaches to the origin and differen- 
tiation of living things and of man himself; and because the growing 
complexity of the facts and theories of inheritance requires, for their mas- 
tery, a considerable degree of reasoning power and mental alertness. 
Genetics, moreover, because of its very youth is developing rapidly, and 
its results and conclusions, changing in many important respects from 
year to year, require for their understanding frequent employment of 
those powers of logical reasoning and critical discrimination which con- 
stitute the basis for a scientific attitude toward facts. 
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6. In the history of a science what method of investigation generally precedes 
that of experiment? Illustrate this evolution in method from the history of 
some science. 

7. What is the essential characteristic of the ^^experimental method of 
investigation? 

8. Animal breeding has, until recently, made greater progress than plant 
breeding. Why? 

9. Why have pedigrees been kept much more carefully for our domestic 
animals than for our cultivated plants? 

10. In what way may knowledge of genetics be of value in explaining organic 
evolution? 

11. What improvements in the human race can you think of which might 
be made possible by an increased knowledge and application of the principles of 
genetics? 


CHAPTER 11 

HEREDITY AND VARIATION 


The chief aim of genetics is' to discover, to classify, and to explain th(‘ 
facts of heredity and variation. Heredity is the tendency of animals 
and plants to resemble their ancestors and relatives, whereas variation 
is the tendency to depart or differ in any particular from the others of 
their kind. Both tendencies are familiar to all observers of man, animals, 
or plants. Heredity is illustrated by the remarkable resemblances which 
are often seen between father and son, variation by the many imperfec- 
tions in this resemblance resulting in distinct differences in their physical 
and mental traits. These two great tendencies, the one toward resem- 
blance or sameness, the other toward variety or differentness, exist 
together in all forms of life. They are fundamental peculiarities of 
protoplasm, which is at once stable and tenacious of its form and adapt- 
able and responsive in its reactions. Both are essential to the progress 
’’and success of the individual and of the species, just as the conservative 
and the radical are necessary to the advance of civilization. The one 
holds gains already made; the other provides the innovations which 
result in change and continued development. V ariatio n, it might be 
said, creates new kinds o f Jiving tjiings; heredity pr eserv es tjiem. 

Heredity.-^hen one remembers that one generation of complex 
adult individuals is connected with the next only through single repro- 
ductive cells, the uniyersal resemblance of parents and offspring, which 
we have called heredity, becomes an indication of a deep-seated similarity 
governed by a fundamental law or set of causes. A phenomenon so 
general demands an explanatio n ^ and in seeking for it we must first 
examine the centranact more carefully and specify in what dc^gree and 
in what ways the offspring resemble the parents. 

In the first place, iA c lear that the re is no exception to the sirnilari- 
ticaJaetween parent, ^nd_offsjpm features. We have no diffi- 

culty in recognizing the humanness of every child that is born nor in 
identifying the descendants of a maize plant as members of that species. 
The success of naturalists in classifying the animals and plants of the 
world in an orderly system in which each individual has its assigned 
place, and the practical rule which has guided them, namely, that indi- 
viduals which look most alike are probably most elosely related, broth 
bear witness to the general truth of heredita-ry resemblance, 
rr' 16 ’ 
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same species, variety, or local race. Thus we can. identify the progeny 

of pure-bred fox terriers not only as mammals, carnivores, and canines, 

but as members of a single variety of dog marked by features of size, 

color, behavior, and other traits 

which they share with their parents 

and relatives. This resemblance 

may extend to those relatively 

minor characters by which we infer |BHBb 

the relationship between brother and 

sister or father and son — the' color of 

eyes or form of hair and similar 

evidences of the inheritance of single 

features. The extreme case of this 

kind of resemblance between rela- 

tives is found in the so-called idenU- 

cal twins in man (Fig. 5). T^ese 

are twins which even parents some- 

times find it difficult to distinguish. 

They are always of the same sex H|D|ffi*«'^||H||||K 3 
and are very similar in all of their 
physical and mental characteristics. 

Here, extreme similarity is undoubt- 

edly due to extreme closeness of • ■■ -*■- " ^ — — 

^ ^ i , Fig. 5. — Identical twins. These tw 

relationship, for it is known that b^yg i^ave exactly the same heredity sine 
such' twins arise from a single egg. both developed from a single fertiUzed eg 
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proteins and carbohydrates and even the special characteristics of the 
starch grains which are formed, while in animals it fixes the chemical 
peculiarities gfjhe blood and the tissues, particularly as exhibited in 
their ~re~action Jo foreign proteins. Heredity likewise influences the 
physiological reactions of the organism. It decides whether an indi- 
vidual or'rrajrof’pants will be parasitized by a fungus of one variety 
or of another; whether an insect is to survive successfully at a higher or at 
a lower temperature; whether or not a child is to distinguish all of the 
colors of the spectrum or only certain of them, that is, to be color-blind; 
whether a plant is to convert some of the soluble sugars which it manu- 
factures into red or blue pr brown pigments or into no pigment at all 
These diverse peculiarities influenced by heredity in turn influence others 
in the organism..and affect ite relation to its surroundings and its chances 
of surviral in nature. Certain caterpillars of one species of butterfly 
absorb into their body fluids the several components of chlorophyll, the 
green coloring matter of leaves, so that they appear green like the leaves 
on which they feed. Others of the same species with a slightly different 
heredity can absorb only specific parts of chlorophyll and assume a blue- 
green color. Those of the former sort are less likely to be discovered by 
their natural enemies the birds than are the latter, since they are less 
conspicuous on green foliage. 

. is Inherited. — In all of these cases, and in every case of heredi- 

■ tary rogemjblance, the individuak. which dopk receiv ed so me- 

- JhingJi, Ijie^ reproducti ve cells from which they arose which directs the 
development of their general and their particular traits of all kinds into 
specific cha,nnels. A little consideration will show; that wk 
is in'^ch case a tendency to react in a specific way to the specific environ- 
ment in which the individual finds itself. This is obvious in the case of 
hereditary susceptibility to disease. If a plant inherits a constitution 
which fits it to be the, id eal home for one variety of fpngua.parasite, then 
the present of this parasite in thp ,plan£i environnaent is a necessary 
conditional* the appe^nce oCihis^ peculiarity of _the plant. This 
dependence pf aU'^editary trarts„pp^envfrpn^^ factors is not ^ 
obvious in the. structoal characters among animals and plants whi<^ 
live in a fairly stable and constant environnaent, but even here it can 1; ,■ 
shown to be the case as well. When a variety of maize, known as sur 
red (rig. 6), is grown mjhe fields. red pplor appears in the leaves, in th 
outer husks of thp^^ and in other parts exposed to the sun. Whe 
these parts are shielde d from the i iinlight. however, no red color develops 
;The sun-jed Jrmt is in herited but req uires the prese5c'6"‘”oTsuniight ^ 

in raS^s thereTiT^^^^di3Qg..-^^f^|^dwn / 

',^'^1^) in which tTi e p ink eyes a nd the patte rn of_^^^y^ack ears, feet, 

['tail and white 'Sody areJ^SSihntt^d faithfully to the descendants. If"* I 

' - . . , >■ . ^'1 
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racial 


brown- c 
presence 


fur is plucked from the white parts and the animal is placed in the cold 
while the fur is growing in again, the new fur comes in not white' but 
black. On the other hand, if fur is plucked from the black parts and the 
part is kept warm (by a bandage, for example), the new hair comes in 
not black but white. It appears at first that the black-and-white 
pattern is itself inherited, but the experiment shows that what is really 
inherited is the ability of certain parts to form pigment or not to form it,'**'- 
depending on the particular temperature which obtains in that part at a 
specific time. The pattern is thus a function both of heredity and of 


I 


Fig. 6 . — Sun-red corn. The ear at 
the bottom had been protected from 
light and the one in the middle exposed 
to light at its tip, which turned red. 
In the ear at the top the word “LIGH(T) ” 
was cut out of the husks and the area 
thus exposed turned red. {From Slakes- 
lee, in J ournal of Heredity.) 


Fig. 7. — The effect of temperature 
on hair color in rabbits. The white hair 
on a small area of the backs of these 
Himalayan rabbits was pulled out and 
the animals then placed in a cold room. 
The hair which later grew in was black. 
Hair regenerated in a warm temperature 
is usually white. {From Laura Kauf- 
man, in Biologia Generalis.) 


These cases illustrate the universality, the diversity of effect, and 
dual nature of the characters of the organism which are influenced by 
heredity, but they lead us no nearer to an understanding of the process of 
inheritance. In order to learn how resemblances are transmitted,; a 
specific trait, such as eye color in man, must be observed in several 

J' individuals developing in a^cpnimon environment. The 

thus studied need not necessarily differ in any important respect 
those distinctive of species, race, or family, but its inheritance is 
■' of the laws which probably. go vernjh^nhjm these more 

"'“trmtsr”^ Eye color in man may happen to be a^characfer which 

, ^ one individual from another, but it may be one item in a 

complex as well. Thus a racial group of^ northern Europe is, in 
^ blue-eyed; while the southeffi^^EFofopean type is* prevailingly 
dark-eyed. The particular interest for genetics lies in the 
of blue or brown eycvs maingle related mdividuals.^^^ ’^^^^ 
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‘‘Factors’’ and “Characters,”— Investigation shows that marriages 
of blue-eyed persons with brown-eyed ones from a prevailingly brown- 
eyed family produce exclusively brown- or dark-eyed children. When 
these children jnarry , other brown-eyed children of similar aiic'cstry 
(that is, having one blue-eyed and one brown-eyed parent), their children 
are found to resemble the brown-eyed grandparent in a large proportion 
(about three-fourths) of the cases, while the remainder, about one-fourth, 
are blue-ejed. Thus each grandparental type reappears in a definite 
proportion of the grana'cEildfeh. The regularity with which such a 
result is obtained and the distinctness with which traits like blue and 
brown eyes are assorted to different individuals among the progeny have 
led to a definite conception of the mechanism of heredity whicdi will 
be more fully described in the next chapter. It should be pointed out 
here, however, that blue eyes appear to pass as a unit to one group of 
progeny, while brown eyes pass as a unit to another group, and since the 
only mode of hereditary transmission is through the reproductive cells 
or gametes of the parents, it may be assumed that the gametes of the 
parents differ in respect to something which represents or determines the 
development of eye color in the progeny. This something vyhich appears 
to pass^rougl^the reprodi^tkajaelLs and to jnflyence a particular charac- 
ter in the offspring is known as factoTj^ or gene. The character difference 
*‘browS3Eblue eyes, ’.^ therefore, is. ascribed to jl factor difference in the 
reproductive cells w^hich give rise to the child; and thence to the gametes 
of tEe parents and more distant ancestors. 

Here, as in the case of sun-red corn and the Himalayan rabbit, the 
^ character itself is, properly speaking, noj; inherited at all ; all that can 
IbeTfanJpSieTrls Sb factor which ii^u^nces the growth of the individual 
I in a specific way. Here'ffso the role of the environment is less marked, 
since Eere'ditari lv brown-eved persons seem to develop this character 
in the various envir onm entETinder which. life is possible, but it is nonc^ 
the less certain that the components which go to form the brown color, 
in cprnmon with all the other necessary materials for life except those 
contained in the sperm and egg cell, must have entered the organism 
from the externaL-WOtid, and if these were withheld, the factor could 
^t have led to its specific result. 

" The reproductive, jcells or gametes appear to contain factors represent- 
ing all of the inherited characters of The Wimal or plant, and the organ- 
ismjfrom this prnnro P^i^^ of a ' vast , number^^^'- 

units whicElh every generation pass through the single repro- 
dpctiye. cells of each parent and find expression in the various traits of 
the offspring (Fig. 8). The f actor hvpoth evsis. which has been amply 
by data from all forms of life, has led to the discovery of the laws 
governing the behavior of these units in heredity: — - - ^ 
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Complexities of the Factor Hypothesis. — In the inheritance of blue 
and dark eyes in man a single factor appeared to be responsible for the 
difference. It must not be concluded from this that any character of 
the organism is completely deter:^^^ a single factor. Complete 
analysis generally shows that many factors^ which may not always be 
entirely separable in their inheritance, are involved in the production of 
characters which appear to be quite simple and that the expression of 
these factors in development is influenced by many agencies both within 
the organism and in its environment. gray or grizzled pattern 

of many wild rodents, such as mice and rats, appears to be a simple 
trait, yet its development depends on the interaction of aj least a dozen 
different fgjjtors affecting the various colors involved and their distribur 
tionln the fur. Many characters, such as hornsjn some breeds of sheep, 
are chiefly affected by a single factor^ but their expression is greatly 


Fig. 8. — Black and white, a unit character difference in rabbits. (From Castle.) 

influenced by the sex of the individual; while in other cases, for example 
in the inheritance of color blindness in man, the inherited factor itself 
is constantly associated with the factors which determine the sex of the 
individual. Other internal agencies such as hormo nes or the secr etions 
of the ductless glands in vertebrates are known to affect the expression 
of the genetic factors' arid' often to serve as one channel by whi^the 
factors affect development. 

These examples indicate that herefity,. is, operative evjerywhere and 
that throughout The” organic world there is a constant tendency for 
offspring to. resemble their parents. They also show'lEat'liere'f^ is 
not a simple process but jthat different characters, even in th,e. iftme indi- 
vidual, are inherited in different ways. To classify this host of diverse 
and often seemingly contradictory facts and to discover the general laws 
which underlie them is the province of the student of heredity, and 
although a promising beginning has been made at this task, many of 
the phenomena of inheritance are still unexplained and unpredictable. 

Variation.— The obverse to the picture of hereditary resemblance 
which we have examined is the equally striking fact of differences between 
mdividuals, races^^piLSpecies (Figs. 9 and 10). Sin'cTyan alions app ear 
asTIi^Stufes ffSm^actlSereditary resemblance, it is plain that we must 
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consider inheritance from this point of view as well. Variations, like 
rLemblaices, are not all simple and self-evident in mature but m-e 
remarkably diverse in cause and character. Among them we are able 
tr^oveLeveral distinct types, which while similar in appearance are 
quite Xrent in their underlying causes. Some differences between 
Sated organisms are clearly due to the direct action of different environ- 
ment^ others are due to the sorting out of hereditary variations into 


pony colt. {Courtesy of Iowa State College.^ 


different combinations in the generations following crosses of individuals 
of unlike heredity; while a third type is due to sudden changes in the 
physical mechanism of heredity. 

Variations Due to Environment — Differences between the members 
of a pair of human identical twins which have been rear^d^^ 
different environments obvioiSx.„fi®I^^ ascribed to differences in 
hereditary constitution, since this is identical in both members of t^ 
pair. Such differences as may^ eventually, distinguish the two membem 
to whether they are tanned or pale, well fed or undernourished, 
scarred fepm accident or operation, or different (as they are sometimes 
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found to be) in emotional nature and reaction — may all be well explained 
as caused by the different environments under which they have lived. 
Although in this case the differences may be slight and their relationship 


Fig. 10. — Variation in the head appendages of male fowls. Each form is typical of a 
pure breed or variety of domestic fowls. {From Robinson.) 

to the environment obvious, in most instances it is difficult to distinguish 
by inspection alone between the marked variations brought about by 
the action of the environment and those due to other caus&. If we 
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divide into two parts a lowland plant with luxurious growth, thin wide 
leaves, and tall flower stalks and transplant half of it to a high mountain 
side where conditions of temperature, light, moisture, and nutrition are 
all different, we find' after a time that the mountain plant, although 
ha^dng the s’ame heredity as the lowland one, has so altered its form and 
structure as to be radically different. If we did not know the history 
of these two plants and the effects which environmental agencies have on 
plant growth, we might even assign them to different varieties. 

Pure Lines and SeZecfmn.— The distinction between variations due ■■ 
to the action of the environment and those due to differences in genetic 
constitution was made very clear by the experiments of the Dani.sh 
botanist Johannsen in the early years of this century. He worked chiefly 
with beans,' and since these plants are normally self-fertilized, ho wa.s 
able to establish a number of what he called pure lines, each consisting 
of the descendants of a single self-fertilized' individual and each pre- 
sumably pure genetically. These lines differed considerably in seed 
weight, their averages ranging from about 35 to about 65 centigranns, 
andlhese differences were evidently genetic ones'. Within each of these 
lines there was much variation in seed weight, but this seemed to be due 
only to eiivironmental influences, for when the lightest and the heaviest 
seed from a single plant or from several plants in a single pure line were 
selected'' and planted, the average seed weight from the resulting plants 
was essentially the same (Table I). Thus selection among variations 
which were caused by the environment was ineffectual in changing . 
the genetic constitution of the stock. Where genetic difference.s exist, I 
as between different pure lines or in a population w'here Mendelian segre- 1 
gation is occurring, selection, of course, is an important factor in produc-j 
ing change; but once genetic purity has been attained, all differences^ 


Table I. — The Results of Selecting the Largest anu the Smallest 
Seeds in Two Lines op Beans Descended prom a Single 
Plant {Data from J ohannsen) 


Generation 

Average weight of selected 
parent seeds 

Average weight of progeny 
seeds 

Lighter 

seeds 

Heavier 

seeds 

: From lighter 
parent 

From heavier 
parent 

1 

60 

70 

63 

65 

2 

55 

80 

75 

71 

3 

50 

87 

55 

57 

4 

43 

73 

64 

64 

3 

46 

84 

74 

73 

6 

56 

81 

69 

68 
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except newly occurring mutations are environmental ones and apparently 
are not inherited. These results of Johannsen have since been duplicated 
with many other plants, and with animals. 

Specific Modifications . — The effects of the environment on animals 
and plants may cause profound and widespread modifications in develop- 
ment. It is easy to observe the striking and general differences in height, 
number of leaves, and yield of fruit or seed which distinguish plants grown 
in poor soil from others of the same variety which have grown in rich soil 
The effect of nutrition may be sharp and specific as in sweet potatoes, 
which when grown in soil rich in potassium are round and fleshy but 
when deprived of this element produce long and spindling roots. 

In the same way, the quality and quantity of food determine to a 
considerable degree the size and productivity of animals. The precise 
ration fed to a steer, a cow, or a laying hen makes a great deal of 
difference in the number of pounds of beef, quarts of milk, or dozens of 
eggs which are produced. So powerful is the effect of the environment 
on characters of this sort (which are obviously very important ones 
economically) that most of our agricultural practices are concerned with 
such a manipulation of the environment — whether of fertilizers, water, 
temperature, food, or other factors— that the most desirable variations 
shall be induced. 

The separate factors of nutrition may have very specific effects, as, 
for example, the appearance of rickets or of the striking changes brought 
about by scurvy or by beriberi, where some single vitamin is deficient 
in the diet. The practice of medicine, too, is chiefly concerned with 
modifying the animal organism through its environment. 

Some remarkable variations are brought about in b oth animals and 
plants by changes in the amount or kind of light to which they are 
exposed. In the absence of light, green plants can make very little 
growth because of tteirliSHlit^ carry on the essentiaLpiages^qf 
photosynthesis^ Two plants from the same lot of seed, one grown in the 
dark, the other in the light, come to differ very strikingly in almost all' of 
their characters. The plant grown in the dark is paler, taller, „.®.d 
more spindling than the one reared in the light. Such a plant is not 
able to mature and does not flower or set seed. Alteration in the rela- 
tive amount of light, especially in the length of daily exposure to light, 
also brings about important differences in plants, particularly with 
reference to the relation between their vegetative and reproductive 
activities. Garner and Allard found that a relatively short daily period 
of illumination retards the growth of some species and that these will 
grow vigorously and reach reproductive maturity only if the days are 
relatively long (Fig. 11, lower). There are other species, however, in 
which the effect of short days is to hasten flowering and fruiting, activities 



Pig. 11. — Variations caused by differences in the daily period of illumination. The 
plants at the left have been exposed during growth to a relatively short daily illumination ; 
those at the right to a relatively long one. Above, plants of Cosmos, a ‘'short day'’ plant, 
in which flowering is hastened by shortened days. Below, red clover, a ‘Tong day” plant, 
in which a shortened day greatly retards flowering. (From Qamer and AUard,) 

certain parts of the plant turn red when exposed to sunlight, while 
unexposed parts remain green. Such examples illustrate well that the 
characters of plants depend on a complex chain of reactions, some of 
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which may be indefinitely deferred if the plant is exposed to long daily 
iUumination (Fig. 11, upper). Light may also have a direct effect on 
certain characters, as in the variety of corn previously dcsciibed in which 
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which can take place only in the presence of a given amount or kind of 

liglit. . / 1 • 

Animals as well as plants show many modifications (changes in sex 

glands, moulting and changes in plumage color in birds) due to the length 
of day to which they are exposed. 

In addition to these few examples, variations in other external factors 
such as temperature, water, altitude, and barometric pressure lead to 
pronounced modification of form in organisms. Less obvious but perhaps 
more important physiological modifications are brought about by factors 
originating outside animals and plants but producing their effects by 
subtle internal changes. Consider the effect, for example, of introducing 
into the blood stream of an animal substances to which his blood reacts 
in a specific way so that a more or less lasting immunity to a specific 
disease is produced; or the ingestion of glandular material from another 
animal which changes him from a cretinous dwarf to an individual of 
normal size. 

The obvious conclusion to be drawn from all such examples is that 
many of the variations exhibited by, animals and plants have a direct 
relation to the conditions under which theyilive. It becomes, therefore, a 
question of great theoretical "and practical importance to detenmne 
whether these variations of which the causative factors are known are or 
may become hereditary. 

The Inheritance of Acquired Characters. — At first glance it might 
seem that the inheritance of such environmental variations would 
offer the most obvious explanation of the origin of new heritable traits. 
It has frequently been assumed that small or dwarf races of animals and 
plants are descended from ancestors which for many generations were 
subjected to an inadequate food supply, adverse chmate, and other 
conditions which are kno-wn to limit growth in size. Specific variations 
such as hornlessness or taillessness might also be thought to have arisen 
from the practice of dehorning or of docking the tail continued over 
many generations. During the last century such hypotheses have been 
subjected to many tests by experiment, and although the verdict of many 
of these experiments is inconclusive, it is possible to derive some definite 
answers from the data. 

JTtsforfcaZ.— Lamarck (Fig. 12), a French biologist (1744^1829), was 
the first modern thinker to recognize the problem clearly and to offer 
an explanation of the origin of variations and of the method of evolution. 
He supposed that variations were induced in the individual by such 
external and internal agencies as the direct action of the environment or 
the use and disuse of a part, or that they arose in response to an urgent 
need on the part of the organism. The characters so called into being he 
regarded as truly heritable, and the environment which had directly or 
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indirectly caused variations to appear was in his theory the directing 
agent in evolution. To Lamarck alJ variations were acquired_ and aU 
variations were heritable, DarwiUj who established the theory ol organic 
evolution, made little inquiry into the causes of variation, although like 
Lamarck he thought that some, at least, originated through the direct 
action of the environment. He regarded most of the hereditary changes 
in the organism as spontaneous variations of unknown nature, and the.s(i 
provided the differences in adaptability from which the environment 
selected the best or fittest to survive. Darwin foreshadowed the modern 
view of the Question bv recognizing that not all variations were due to a 


Fig. 12. — Jean Baptiste Lamarck (1744”1829). {From A. F, Shrilly after Lncy,) 

single set of causes and that not all were equally heritable. Weismann, 
following Darwin, established this important distinction and showed 
that many variations caused by the environment or artificially induced, 
such as mutilations or injuries, were not inherited, while variations of 
another kind were inherited. The latter, the cause of which he did not 
know, he called congenital or germinal, as distinguished from acquired or 
environmental variations. 

In support of his contention that characters acquired by the organism 
were not inherited, Weismami developed the germ plasm theory, which 
considers the reproductive tissue (the germ cells) as separate and distinct 
from the other tissues of the body (the somatoplasm). The environment, 
Weismann believed, was able to cause many variations in the somato- 
plasm, but such changes could not be transferred to the germ plasm (which 
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was the sole seat of hereditary characters) and, therefore, could not 
become inherited. Some experimental evidence for the noninheritance 
of such acquired characters as mutilations and some evidences of the 
structural and physiological independence of body and germ ceils in 
higher animals were obtained by Weismann and have been added to and 
corroborated by later investigators. 

Although the conception of a distinct germ plasm is useful and aids 
in explaining many facts and in planning experiments with higher animals, 
it is undoubtedly of limited application. It does not apply at all in the 
lower animals, where no practical distinction between soma and germ can 
be made, or in plants, where many or all parts of the plant body may give 
rise to germ cells or to new individuals without the intervention of a 
sexual process. Even in the higher animals it is possible that the 
gametes may arise from tissue which is not fundamentally different from 
that which produces other parts of the body and that the gonads are not 
completely insulated from those forces which effect changes in the body 
tissues. 

The Problem and Its Present Status. — ^The chief question involved 
in the so-called “inheritance of acquired characters^’ is the apparently 
simple one as to whether such variations as have been cited above, which 
are produced by the action of environmental factors, use, or habit 
on the tissues of adult or developing organisms, are ever inherited. These 
variations represent the responses of the animal or plant to external 
stimuli, and this responsiveness or sensitiveness is known to be a general 
property of all living substance. The point at issue is whether the partic- 
ular response made by an ancestor (as, for example, the greater growth 
reaction of plants to good soil or of animals to food, heat, or light) has any 
determining effect on the responses to be made by its descendants. Does 
the fact that the parent has responded in a way which leads to a visible 
variation predetermine the response of the offspring, or make it any 
easier for the offspring to develop this same character in the absence of the 
same stimulus? If it does, it will mean that the characters acquired by 
the adult organism may be transferred and impressed on the germ cells 
and affect all future generations. 

Without citing the detailed evidence (which the interested student 
may consult in the references listed at the end of this chapter), it may be 
stated by way of summary that acquired characters, as defined above, are 
probably never inherited. The negative evidence is very considerable, 
showing that mutilations, the effects of poisons, alcohol, and similar 
agencies, variations due to amounts or kinds of food or to temperature or 
light, and effects of acclimatization or domestication are not transmitted 
as such to desccmdants. The few experiments leading to the opposite 
conclusion are of doubtful validity and do not in any case amount to 
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proof. It is safe to' say, therefore, that the heritable characters with 
■which genetics deals have not arisen in this way. In a later chapter -we 
j,Via.n see that new genes or factors may arise and new arrangements in the 
material basis of heredity, that is, in the chromosomes, may talc(. place by 
sudden chemical and physical changes in the chromatin of the nucleus 
and that these may occur more frequently in the presence of greater 
intensities of certain kinds of energy, for example, from X rays, radium, 
and heat, than are ordinarily present in the environment. The response 
here is made by the cells antecedent to the gametes, not.by the body of the 
parent, and there is no evidence of that correspondence between the 
stimulus and the kind of character produced which the ‘'inheritance of 
acquired characters” seems to require. The increased freq^by of new 
heritable changes under increased environmental stimuli ’lf*thus quite 
different in principle and in implication from the inheritance of bodily 
“acquirements.” 

Variations Due to Hybridization and Recombination.— Many varia- 
tions are not due primarily to the en-rironment but to a reappearance or 
recombination of hereditary traits among the descendants of indi'viduaLs 
of mixed or impure genetic constitution. The appearance of one blue- 
lyed child among the otherwise brown-eyed progeny of two brown-eyed 
parents represents such a variation. It is an indication of a difference 
which was already present in the ancestry of the parents and which came 
to light when two factors for blue eyes met in the chance combination of 
an egg and a sperm each carrying blue. 

The reappearance of ancestral traits may sometimes be delayed for 
so long that the variation when it appears may seem to be entirely new. 
Cases of this sort have been kno'vm in the breeding of pure-bred cattie. 
In the United States only black and white Holstein-Friesian cattle are 
eligible for registry in the herd books of the breed, and only this type 
is bred. Occasionally a red and white calf appears from a pedigree in 
which there have been only black and white ancestors for seven or eight 
generations. Were it not known that the Holsteins are descended 
from Dutch herds in which both red and black animals 'w^ere frequent 
and that red is due to a hereditary factor which is ma-sked or hidden 
by black, a red calf might be thought to be a new variation. Ite occur- 
rence is known, however, to be merely a reappearance of an ancestral 
trait. 

Where the individuals which are crossed differ in only a single charac- 
ter, but little variation occurs among the offspring. Where a cross brings 
together individuals unlike in several characteristics, however, variation 
is markedly greater, for the number of possible combinations of traits 
will iBjsrease. In new indi’riduals, ti^ts from one ancestor may be com- 


bined with different traits from another. The characters themselves 
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are not new, but the combinations may be, and it is this which produce, s 
much of the variation among progeny from the .same parents (Fig. 13). 

If two pairs of characters are involved, for example, there will be four 
possible combinations among the descendants; if three, there will bo 
eight; if four, sixteen; and so on. 

Size or quantitative characters, insofar as they are inheritable, 
also show this increased variability following a cross. If a genetically 
large animal is crossed with a genetically small one, for example, the first- 
generation offspring are often intermediate in height, and uniform, but 
their descendants are generally highly variable, ranging ail the way from . 
large to small. There is reason to believe that this increase in variability ] 
is also due to a recombination of genetic factors, although here the factors 1 
all affect the same character, that is, size. 

This increase in variability which always follows hybridization I 
between unlike individuals has resulted in the appearance of many • 
new character combinations in animals and plants and has made it * 
possible for breeders, by practicing selection among these, to develop new i 
and valuable types. It also accounts for the well-known fact that ‘ 
hybrids or mongrels, whatever their own excellent qualities, do not breed ' 
true and hence are valueless for breeding purposes where uniformity of 
type is desired. 

On the whole, most of the hereditary variations found in animals and 
p lan ts are due to the sorting out and recombining of separate factors 
which take place automatically and continually in the method of cro.ss- 
breeding, which is the rule in most of the higher plants and animals. 

Variations Due to Mutation. — Variations due to the environment can 
be controlled by a proper manipulation of the environment itself, and 
variations due to the sorting out and rearrangement of factors can also 
be controlled through a knowledge of the laws which govern the behavior 
of these factors. There is a third type, however, which it is as yet 
impossible to predict and over which there is no control. 

If one observes carefully a large group of animals or plants over a 
number of generations, an occasional individual will be found which 
differs from the rest of the population and transmits its differences to 
its descendants, but the origin of these cannot be a.scribed to changes 
in the environment or to the past history or characters of the race. Such 
a suddenly appearing new variation is known as a mutation. 

In the history of plant and animal breeding occur many instances 
of such sudden variations. In the latter part of the eighteenth century, 
for example, there appeared in the flock of Seth Wright, a New England 
farmer, a male lamb with remarkably short, bowed legs. Wright reared 
this lamb and bred from it, thereby ori^nating the Ancon breed of sheep, 
so short-legged that they could not jump over an ordinary stone wall. 
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Fig. 14. — Ancon or short-legged sheep, a variation which arose by nautation. (From 
Storrs Agricultural Experiment Station.) 


swine, albino rats, and many other new, distinct, and true-breeding types 
have appeared as mutations among animals. 

In the little vinegar fly, Drosophila, which has been bred so exten- 
sively and under such close observation in biological laboratories for 
over thirty years, several hundred mutations have occurred, each 
resulting in a specific change in some character of the fly. 

The same type of variation has appeared in plants. The Shirley 
poppy? the dwarf “Cupid"' sweet pea, and the dwarf, cut-leaved, 
double-flowered, and white-flowered races of many plants have each 
descended from, a single plant of this type which appeared under cultiva- 


This breed became extinct about sixty years ago, but some fifty years 
later another short-legged lamb appeared suddenly in the flock of a 
Norwegian farmer, representing probably a new appearance of the 
same mutation-. From this a new strain of short-legged sheep has been 
bred (Fig. 14). 

In the same way hornless mutant individuals have appeared in almost 
all breeds of horned cattle, and hornless races of these breeds have been 
developed from them. Pacing horses, double-toed cats, “mule-footed" 
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tion. The new or mviant character has arisen suddenly, has bred true 
from the beginning, and has thus given rise to a new and distinct race. 

Most of these mutations in plants arose from seed, but in some 
instances the mutant character was found to be confined to a single 
branch. Such a branch, when artificially propagated, remains true to 
its new type. Many horticultural varieties, especially those with 
variegated foliage, have arisen from such mutations or “bud sports.” 

Early students of mutation emphasized the wide divergence of 
mutant forms from the normal type, but it is now recognized that 
mutational differences may be large or small and that it is not their magni- 
tude but their clear distinction from the parent form and their ability to 
reproduce the new type which distinguish them from other kinds of varia- 
tion. In many cases, indeed, it is very difficult to tell w^hether one i.s 
dealing with a mutation or with a complicated case of the sorting out of 
genetic factors. 

Variations may therefore be divided into three main groups: (1) those 
which are due to differences in the environment; (2) those which are due 
to reappearance and recombination of genetic factors; and (3) tho.se 
which are due to mutation, the origin of which we do not undenstand. 
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PROBLEMS 

12. What has been the effect of human variability on the development of 
human societies? 

13. Do you think that variations due to inborn genetic differences or to the 
environment and training are the more important in determining differences 
between persons? 

14. What family do you know of which has included a large number of 
eminent people? How do you explain the occurrence of such families? 
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16. In what way could our knowledge of the inheritance of eye color in man 
be used to decide a case of disputed paternity? 

16. How are individual variations utilized in the identification of persons? 

IT. Some races of teasel have spirally twisted stalks if grown in rich soil 
but normal straight ones if grown in poor soil. How does a normal plant from 
such a race differ genetically from a normal plant of a race which never shows 
twisting? 

18. Measles and chicken pox killed thousands of natives of the South Sea 
Islands at the first coming of the white men, but these diseases are rarely fatal 
to Europeans. Explain. 

19. The Napoleonic wars are said to have reduced somewhat the average 
stature of the French people. To what might such a result be due? 

20. The chestnut bark fungus, introduced some years ago into the United 
States, has exterminated all the native American chestnut trees over a wide 
area. In China, its native home, the species of chestnut are almost immune to its 
attack. How do you explain this difference between American and Chinese 
chestnut trees? 

21. The hair color of an individual may be brown in youth, black at maturity, 
and white in old age. What color would you call his hair in a study of inheritance 
of hair color in his family? In investigating the inheritance of hair color, what 
precaution, therefore, should be exercised? 

22 . If the peculiarities of large groups of organisms have arisen first in one 
or a few individuals from which the group has descended, why is it that living 
members of the two groups today — a sheep and a goat, for example, or an apple 
tree and a pear tree — cannot be successfully crossed? 

23 . Why is a study of identical twins of particular importance in helping to 
determine the relative influences of heredity and environment in man? 

24 . Why is it more difficult to study the inheritance of such characters as 
size and yield than of color? 

25 . How could you determine whether a given case of variation is due to 

environmental or genetic influences? i , 

26 . What mechanism, either physical or chemical, can you imagine whereby 
a factor in a gamete might determine the appearance of a character in the indi- 
vidual produced by that gamete? 

27 . If acquired characters are not inherited, how do you think it has come 
about that plants and animals are so well adapted to the conditions under which 
they live? 

28 . How could you explain the possession by animals of highly developed 
instincts which the individual itself has had no opportunity of acquiring, assum- 
ing (1) that acquired characters are inherited; (2) that they are not? 

29 . What advantages and what disadvantages to^hqman society would result . 
from the inheritance of acquired characters? 


3 g principles of genetics 

'in Tf tnpmbers of a white-skinned race are exposed to bright sunlight, their 
.skin is darkened or "tanned.” Races native to regions of bright sunlight, like 
"negroes in the tropics, are genetically dark-skinned. How would Lamarck 
explain the dark skin of such races? How would Darwin . 

31 Which do you think are more important in producing evolutionary 
chafge those variations which are due to segregation and recombination oi 

factors’or those which are due to mutation? Explain. 

32. In what class of variations would you place two-headed animals, giants, 
dwarfSj and similar freaks ? 

33. How can you tell whether a new trait is a mutation or the result of com- 
plex segregation following a cross? 

34 What explanation have you for the present great variability of ^the human 
race? Why would you expect the population of the United States to be more 
variable than that of most European countries? 

36. A relation is sometimes traced between the Inquisition, which w^ 
particularly active in Spain, and the decUne of Spain as a great power which 
took place not long afterward. What genetic basis do you think there may be for 

this? 


CHAPTER III 

MENDEL’S LAWS OF INHERITANCE. I 

The facts discussed in the previous chapter make it very evident 
that the problem of inheritance, far from being a simple and clearly 
defined one, involves a whole series of problems touching many fields. 
Different characters are inherited in very different ways, and variations 
may be due to all sorts of causes. Knowledge derived from a study of 
one species is often useless in the case of another. When the great 
assemblage of diverse and often seemingly unintelligible facts which 
students of inheritance are amassing is considered, it is not surprising that 
earlier biologists were long unable to reduce them to an orderly and 
understandable basis. 

. No branch of knowledge, however, is entitled to be called a science 
until its various facts can be arranged and classified under certain definite 
principles or lawSy a knowledge of which makes it possible to understand 
these facts, at least in part, and to predict or control them. The con- 
ception of scientific law is so important and often so poorly understood 
that it. may be profitable to digress a little here and to consider briefly 
what a law of science is and how it may be discovered and applied. 

The Laws of Science.— The external world is continually presenting 
to the senses a multitude of diverse objects, the character and relation- 
ships of which cannot be discerned by observation. Many of these 
phenomena appear at first sight to be irregular and unpredictable and 
to have no definite relationship to one another. It is soon noted, how- 
ever, that running through this apparent confusion there are indications of 
regularity and order and that some events follow others so invariably 
that one may confidently depend upon their always doing so. The 
observer thus learns to distinguish the relationships known as came and 
effect The constant association between the position of the moon and 
the height of the tides, and between the length of a pendulum and the rate 
of its oscillation, are examples of such evident uniformities. This con- 
ception of orderliness in nature grows upon the student as he acquires 
more facts and studies them more critically, and he soon realizes how 
useful a recognition of this orderliness may be in foreseeing events and in 
directing their course. 

That the universe is indeed fundamentally orderly and that more 
complete knowledge will make it possible in time to perceive this order 
in all things is the faith of every scientist. To the constant relationships 
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in nature which he is learning to recognize in ever-growing numbers 
he has given the name of laws; and the chief purpose of scientific investi- 
gation is to extend existing knowledge of these laws over a wider and wider 
field until all facts which now seem confused and irregular shall take their 
places in an orderly system. 

The formulation of a scientific law is by no means an easy matter, 
however, and has often required an exercise of supreme genius. An 
attempt to establish such a law involves several distinct and well-recog- 
nized steps. First, as much information or data as possible concerning 
the phenomena under investigation must be gathered. This may be 
done by direct observation under natural conditions ; but a more fruitful 
procedure, and one employed wherever possible, involves a control of 
conditions by the observer himself so that a definite test may be performed. 
This method is known as an experiment^ and since it makes it possible 
for us to single out a particular group of phenomena and test their 
behavior at will under conditions which are known and can be regulated, 
it provides more exact information than can be gained in any other way, 
an advantage which has made the experimental method one of the most 
useful tools of modern science. The information thus gained, which is 
often somewhat unintelligible at first sight, must then be arranged and 
classified. This step, and the observations which precede it, will in 
nearly all cases involve the fundamental methods of counting and meas- 
uring^ which distinguish the scientific approach to facts. If the classifica- 
tion is wisely made, the discerning eye may perhaps begin to see certain 
simple relationships which underlie the facts, and eventually a tentative 
explanation or hypothesis may be framed to account for these observed 
relationships. The hypothesis is then thoroughly tested by further 
observation and experiment, and if it continues to explain satisfactorily 
all the facts which are brought forward, it leaves the realm of conjecture 
and becomes accepted as an established scientific law. A law is thus a 
brief statement or explanation of some uniform and constant relationship 
which has been found to hold through a large series of natural events. 

Mendel and His Methods. — MendeFs discovery of these first laws of 
inheritance led through precisely the steps of observation and experiment, 
classification, tentative explanation or hypothesis, testing, and final 
deduction which have been outlined above. The most important facts 
in the life and work of this Austrian monk whose name has become woven 
so closely into the fabric of genetic science have already been presented. 
In the garden of his monastery at Brunn, Mendel began in 1857 to observe 
carefully the resemblances and differences among various races of garden 
peas. It is perhaps noteworthy that he was not a professional biologist 
but that these experiments were his chief avocation, stimulated by a 
natural curiosity which he had the leisure to indulge. 





MENDEUS LAWS OF INHERITANCE, 


Mendel was prepared for his W'Ork by a fine enthusiasm and a thor- 
oughly scientific spirit. He was also familiar wdth the results of earlier 
investigators on the subject which most interested him, the effect of 
crossing or hybridization on plants. His success was due not only to 
these qualities of mind but also to a ^dse choice of materials and methods 
of investigation. 

Counting of Different Types of Offspring. — Mendel endeavored to 
avoid the complexities which had troubled earlier students of heredity by 
simplifying the problem as far as possible. Many workers had noticed 


Fig. 15.— One of tlie pairs of character differences studied by Mendel in peas. At 
left, flowers and pods axillary, borne along the stem; at right, flowers and pods terminal 
and stem somewhat flattened. (From 0. E. White.) 

that when plants of different varieties were crossed, great variability 
appeared among the progeny of the hybrids, as had always been apparent 
from the results of breeding mongrel animals. No one, however, had been 
able to simplify these confused and puzzling observations until Mendel 
brought to their solution a new and effective method. This consisted 
in actually counting the numbers of each type of progeny which resulted 
from a given cross, in grouping them into definite and easily recognized 
classes, and in observing the relative sizes of these classes. He thus for 
the first time began to reduce the phenomena of inheritance to a measur- 
able basis and employed the exact quantitative methods used so sue- 
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cessfully in many other sciences. Herein lay one of Mendel\s chief 
contributions to genetic discipline. 

Study of Single Traits , — Where earlier investigators had made general 
observations upon the animal or plant as a whole, studying at once the 
great variety of traits and structures transmitted to each by inheritance, 
Mendel instead still further simplified the problem by confining his 
attention to a single character at a time (Fig. 16). In studying flower 
color, for example, he chose for his hybridization experiments plants which 
were contrasted in this one character alone, crossing a red-flowered plant 
with a white-flowered one and paying no attention for the time being 
to whether these plants were tall or dwarf, yellow-seeded or green. When 
the behavior of each single trait was established, he then studied two 
traits together, such as flower color and vine height, and thus extended his 
analysis still further. By attacking the problem bit by bit he at last 
succeeded in discovering order and regularity where his predecessors had 
been able to see only confusion. 

Pedigree Records . — In tracing these characteristics from generation to 
generation a careful technique and a thorough system of recording 
observations became necessary, since it was of the utmost importance to 
know exactly which plants were the parents of each individual or the 
offspring of a given cross. This involved the task of keeping full and 
precise pedigree records of all plants studied, including the identification 
of each by a number or symbol, an exact statement of its parentage, and a 
complete description of its various traits insofar as they concerned the 
problems under investigation. 

These innovations of Mendel — counting the different types of off- 
spring, studying single characteristics independently of the whole 
individual, and keeping accurate pedigree records of the members of 
successive generations — are simple enough in themselves, but such a 
thorough application of the experimental method to breeding problems 
had never been made by any other investigator. The important dis- 
coveries which Mendel made were largely due to these new methods, and 
they have since been the basis of all careful genetic research. 

Material and Technique . — Mendel also chose his material wisely and 
adapted his technique to conform to the objects which he had in mind. 
The garden pea is a naturally self-fertilized species. Its flowers are so 
constructed that the reproductive parts are covered by the petals and not 
directly exposed to insects or the wind. Pollen normally falls on the 
adjacent stigma and thus effects fertilization of tha^ovules of the same 
flower. Only in rare cases do insects penetrate the flowers, so that there is 
ordinarily no cross-pollination between plant and plant except as it may 
be artificially effected by the experimenter. Mendel could, therefore, 
open a flower bud and remoye the stamens before any pollen had been 
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shed (thus preventing self-pollination) and later place on the stigma of 
this flower, pollen from the plant w’-hich he wished to use as the other 
parent in a' cross. It was, of course, necessary to guard this artificially 
fertilized flower against contamination by pollen of unknown origin which 
might be brought thither by wind, insects, hands, or instruments. 
If he wished to determine the kind of progeny which would appear 
in the second h3?-brid generation following a cross, he therefore had only 
to allow the flowers of these plants to fertilize themselves naturally. The 
pea had the further advantage of being available in a large number of well- 
marked varieties which bred true and were all fertile when crossed with 
ofie another. In some of these, as in the varieties offered by seedsmen 
today, the plants were tall and regularly attained a height of 6 feet or 
more, whereas others were low and dwarf. Some varieties had yellow 
seed aild others green; some had round seeds and others wrinkled ones; 
some had colored flowers and others white; and there were a number of 
other readily distinguishable differences. In several particulars, there- 
fore, the pea was more satisfactory material with which to work than 
most other plants would have been. 

MendeFs procedure was to cross two plants differing in one of these 
contrasted character pairs, to plant the seed thus obtained, and to observe 
the appearance of the first hybrid, or generation.^ He then crossed 
two hybrid plants together (or allowed them to effect self-fertilization) 
and raised as large a number as possible of second generation, or F2, off- 
spring. These were found to display more or less variation in the 
character studied, and he accordingly classified them, counting the 
number of plants possessing each of the contrasted traits. Mendel not 
only crossed plants differing in one trait but later made hybridizations 
involving two character differences and observed their behavior in the 
first and second hybrid generations. 

From a study of such comparatively simple data were formulated 
hypotheses which have since been so widely verified by experiments with 
many other plants and animals that they are now clearly established as 
MendeFs Laws of Inheritance. These include the twm major principles of 
Segregation and Independent Assortment, together with a number of less 
fundamental generalizations. 

Dominance. — One of the first facts brought out by MendeFs experi- 
ments was that the two members of a given pair of contrasting characters, 
when brought together in a cross, differ markedly in their ability to 
express themselves in the resulting hybrid offspring. When he crossed a 
pure-breeding red-flowered plant with a pure-breeding white-flowered one, 
for example, the progeny were found to resemble exactly the red-flowered 

^ The parental generation is technically, known as the Pi, the first generation 
following a cross as the Fi (first filial gener^^n), the second as the F2, and so on. 
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parent .{Fig. 16). No white-flowered plants and no intermediates 
appeared. He knew that whiteness had not really been eliminated, for 
in the subsequent generation white-flowered plants cropped out again; 
but in the hybrid itself whiteness seemed to be suppressed or to recede 
from view and redness to dominate. Mendel therefore called such a trait 
as redness of flowers a dominant one and such a trait as whiteness a 
recessive one. All of the seven characters in peas reported by Mendel 
behaved in this way, one of each pair of contrasting traits appearing to be 
dominant and the other recessive. Thus the round form of seed was 



Red 



Red Red White 


Fig. 16 . — Cross between a pure red-flowered and a white-flowered pea plant, showing 
the dominance of red flower color in Fi. If an Fi plant is self-fertilized the resulting Fa 
generation is three-fourths red-flowered and one-fourth white. 


found to be dominant over the wrinkled; the yellow color of the cotyledons 
over the green; the inflated form of pod over the constricted; the green 
color of the unripe pods over the yellow; the axillary position of the flowers 
and pods over the terminal; and the tall vine habit over the dwarf. 

In all these cases the dominance of one character over the other was 
essentially complete. Mendel emphasized this fact, and later investi- 
gators have found many characters which show similarly complete or 
practically complete dominance. In very many othe r cases, however — 
and their number grows as the knowledge inheritance in plants and 
animal s become s greater— domii ^liee is abse nt, and t he hyb rid individ- 
uals resemble neither parent exactly but are m ore or less interm edfate 
b etween the two. In the sn apdragon, fo r example, a crimson plan? 
c rossed with a white ^ one gives j S^ penSation hybrids which are all pink 
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in flower color (Fig. 17). In the same way a black Andalu sian fo wl I 

with a spTiShed white one produc es offsprin g which are “ Mue ”..in the colo r 
of their~i^uniage (Figl 18) ; and in Shorthorn cattle the cross of red coat 
by white gives offspring which are “roan,” their coats consisting of a 
mixture of red and white hairs. In o ther instances the hybrid offspring 
may resemble one parent much more closely than they do the other biff 
may" not resembk it exacTly, _s(^'that dominance is incomplete. There 
may thus" be all stages between complete dominance and tEe^bsence of 


Parents 




White 


F, 



Pink 





F, 


Pink Pink • 

Fig. 17. — Cross between a red-flowered and white-flowered snapd^^n showing 
absence of dominance in Fi. If an Fi plant is self-fertilized the resulting hflileneration is 
one-fourth red, one-half pink, and one-fourth white. 



dominance; and these various conditions may all be founc^mong the 
different traits of a single individual. 

That the seven chax^t^s thoroughly studied by Mendel ha| 3 ^^€d 
to show the phenomenon of complete dominance undouBtec^y ^ffed '&|n 
in percemng the more essentiaTfSt'ureFoT liiEeriTan^ dMnot no^ 

attach the same importance to dominance as did Mendel hii^^glf.^ A 
recognition of it, however, is important in several respecfts. '^Earlier*' 
breed&'s had naturally taken it for granted tha t the a ppear ance of 
indiv idual was a sure indic ation of its ge netic institution and t he way m 
whic^h it would bre ed. MendeFs work has shown that tKi^is not neces- 
sarily true but that dominance, partial or complete, may enable a hybrid 
or mongrel to masc^uerade as a pure-B^^d individual This fact is not 
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only of, theoretical interest but is of great importance in the practical 
breeding of .aiiimais and plants. 

Unit Characters and Factors. — As before noted, Mendel carried his 
experiments beyond the first, hybrid generation and grew a second one by 
crossing together (or by self-fertilizing) plants of this Fi. Sometimes a 
third and a fourth generation were also successively studied. The most 
notable feature of the F2 raised from the cross of red-fiowered with white- 
flowered plants was that, instead of being uniformly red like the Fi, this 
generation mciuded both red and white individuals (Fig. 16 ). These 
plants resembled exactly the red and 'white grandparents, and no other 
kinds of plants appeared. In succeeding generations these same two 
t^^Des of flower cplor maintained thein individuality and independence. 
A similar result was obtained in the second generation bred from the 
hybrids between other pairs of contrasted characters (Table II). These 
facts all vindicated the soundness of MendeFs method in studying inherit- 
ance character by character, for they showed that the traits which differ- 
entiated these various types of peas from one another were essentially 
independent things which did not lose their identity in the hybrid but 
were passed on unchanged to the second and later generations. This 
independence was still further emphasized by the results of experiments 
(to be described later) in which individuals differing in more than one 
trait were crossed. Such a conception of the individual as an aggregation 
of more or less independent and separable ^^unit characters,’^ each of which 
is distinct and may exist with any combination of others, was an entirely 
new one. 


Table IL— Summary of F2 Results of Mendel^s Experiments with 

Peas 


Character 

Dominants 

Recessives 

Total 


No. % 

No % 


Form of seed 

5,474 (74.74) 

1,850 (25.26) 

7,324 

Color of cotyledons 

6,022 (75.06) 

2,001 (24.94) 

8,023 

Color of seed coats 

705 (75.90) 

224 (24.10) 

929 

Form of pod 

882 (74.68) 

299 (25.32) 

1,181 

Color of pod 

428 (73.79) 

152 (26.21) 

580 

Position of flowers ........ 

651 (75.87) 

207 (24.13) 

858 

Length of stem. 

787 (73.96) 

277 (26.04) 

1,064 


14,949 (74.90) 

5,010 (25.10) 

19,959 


Mendel soon observed that for each of these various traits there was to 
be found a contrasting one, such as red flower color with white, yellow 
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seed coat with green, tall vine with dwarf, and so on. These pairs of 
contrasting unit characters which he brought together in his hybrids 
Mendel called ''differentiating characters.'' The occurrence of such a 
paired condition in practically all characteristics of plants and animals 
is abundantly supported by all the available evidence. Such pairs of 
characters were later termed allelic pairs, each of the two members being 
the allele of the other. 

In Mendel's own paper and in much of the early work of his successors, 
no sharp distinction was drawn between the actual and visible trait or 
character and that "something" which exists in the gametes and which 
ultimately causes the development of this character in the individual 
resulting from their union. The actual character which is seen, such as 
red flower color, for example, obviously cannot be present in the gametes, 
but something representing it and capable of producing it must be there. 
This is called the factor or gene for the character in question. An impor- 
tant result of later Mendelian investigation is a recognition that the same 
factor may, under different environmental conditions, give rise to char- 
acters which are also markedly different. The continuing and stable 
thing, therefore, is the factor itself rather than the character, and the 
unity which Mendel observed lies rather in this underlying factor than in 
the visible, and perhaps variable, character which it produces. 

The Principle of Segregation. — ^The behavior of these units in the 
second and later generaitions from a cross led to the discovery by Mendel 
of one of the most fundamental principles which govern the transmission 
of characteristics from generation to generation. It has been seen that 
when he crossed a pure-breeding red-flowered plant with a white-flowered 
one, the offspring were all red-flowered; and that when one of these 
red-flowered ofi'spring was self-fertilized (or when two of them were 
crossed), the resulting second-generation plants consisted of both red- 
flowered and white-flowered individuals. The two contrasted characters 
(alleles) had been brought together in the Fi hybrid (where one domi- 
nated the other), but in the second generation they had become sharply 
separated from one another again and were distributed to different 
individuals. This separation and redistribution of unit characters 
in the offspring of hybrid individuals is known as segregation and has been 
found to be a constant feature of all inheritance. 

The segregation of characters is by no means a random and irregular 
process but tends to result in the production of a definite proportion 
between the numbef*s of individuals of one type and those of the other, 
a fact made clear for the first time through Mendel's method of counting 
the numbers of each. In the experiment in question, for example, he 
raised 929 plants in the P 2 generation and found that in 705 of them the 
flower color was red, while in 224 it was white, thus displaying a ratio of 
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approximately three-fourths of the dominants to one-fourth of the reces- 
sives (Fig. 16). This ratio, which may be expressed as 75:25 

per cent, or 3 : 1, was found to hold true in the Fs generation from crosses 
involving all of the other character pairs studied, the larger group 


Fig. 19. — The 3:1 ratio in an F 2 generation. Seedlings from a cross of two green plants 
each carrying a recessive albino factor, showing segregation into three-fourths green and 
one-fourth albino plants. (From Connor and Karper^ in Journal of Heredity.) 

always being that with the dominant character and the smaller one that 
with the recessive.. The actual counts which Mendel obtained in these 
various crosses are set forth in Table II. Later work on peas by other 
investigators has completely confirmed MendeFs results. In the cross 


Table III. — Summabt of F2 Results in Inheritance of Seed Color in 
Peas (After Johannsen) 


Investigator 

1 

! Yellow seeds 

Green seeds 

Total 

Mendel, 1865 

No. % 

6,022 (75.06) 

No. % 

2,001 (24.95) 

8,023 

Correns, 1900 

1,394 (75.47) 

453 (24.53) i 

1,847 

Tschiermak, 1900 

3,580 (75.05) 

1,190 (24.95) 

4,770 

Hurst, 1904 

1,310 (74.64) 

445 (25.36) 

1,755 

Bateson, 1905 

11,902 (75.30) 

' 3,903 (24.70) , 

15,806 

Lock, 1905 

1,438 (73.67) 

514 (26.33) 

1,952 

Darbishire, 1909 

109,060 (75.09) 

36,186 (24.91) 

145,246 

Totals 

134,707 (76.09) 

44,692 (24.91) 

179,399 


48 


PRINCIPLES OF GENETICS 


involving yellow seeds and green seeds, F 2 generations totaling 179,399 
individuals have been recorded (Table III), of which 134,707, or 75.09 
per cent, were yellow-seeded and 44,692, or 24.91 per cent, green-seeded. 
Other examples of this characteristic Mendelian ratio are shown in Figs. 
19 and 20. 

It vdll be shown a little later that this ratio depends on a random 
union between different gametes, and it should be emphasized that these 
results of actual breeding do not display simple and exact ratios any 



Fig. 20. — Cross between long-winged (wild-type) vinegar fly and vestigial-winged fly, 
producing long-winged offspring in the Fi, which if bred to each other give in the next 
generation (F2) long to vestigial. {From Morgan.) 

more than the tossing of coins or the throwing of dice always give 
exact and predictable results, and for the same reason. It must not be 
expected, for example, that with every three red-flowered plants there 
shall always be associated one with white flowers any more than that in 
tossing coins heads will invariably alternate with tails. This ratio — and 
«the same is true of the other Mendelian ratios^inerely indicates what 
may be expected on the basis of probability. Experience, agreeing with 
theoretical expectation, has shown that the larger the number of indi- 
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viduals raised the closer the F2 ratio approaches %:H, a fact strikingly 
emphasized in the table just cited (Table Illj. 

Mendel was not content to leave the matter here, however, but 
studied the progeny of these second-gener§tion hybrids. In the cross 
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Ail White 


Fig. 21.- — Diagram showing the character of the gametes in three generations following.- 
a cross between a red-fiowered and white-flowered plant. The gametes are represented 
by pollen grains and ovules, the black ones carrying the factor for red and the white ones 
that for white. In the (pink) Fi dominance of red is not complete (corolla shaded), but 
of the Fi gametes half carry red and half white, and 7ione are pink. In the F2 one-fourth 
of the plants are red-flowered, and all their gametes carry the factor for red ; one-half are 
pink- flowered, with half their gametes carrying red and half white; and one-fourth white- 
flowered, their gametes all carrying white. The character of the offspring of these F2 
types, when self-fertilized, is shown in the Fs generation. 

: , J 

involving flower color, he found that the white-flowered F2 plants bred 
perfectly true to white flower color through all subsequent generations. 
The red-flowered plants, however, although looking alike, did not all 
behave in the same way. About one-third of them bred true to red, 
but two-thirds produced both red and white offspring in the ratio of about 
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thus resembling exactly the Fi hybrids. The history of three 
generations following a cross which involves a single character difference 
is set forth in Fig. 21. 

In the F 2 , therefore, approximately one-fourth of the individuals 
were found to be true-breeding dominant plants, one-half hybrid domi- 
nants like the Fi, and one-fourth true-breeding recessives. The funda- 
mental ratio, based on the genetic constitution and breeding behavior 
of the F 2 individuals, is, therefore, and more accurately repre- 
sents the actual facts than the ratio of which is based on appear- 

ance alone. 

The difference between' these two ratios, the actual and the visible, 
is due to the effect of dominance, whereby the pure reds and the hybrid 
reds resemble each other, thus reducing the three actual classes to only 
two visibly different ones. In character pairs which do not exhibit 
dominance, however, the be observed directly, as in 

the inheritance of red and white flower color in snapdragons (Fig. 17), and 
these examples give a clearer insight into the phenomena of segregation 
than do those where, dominance, is complete. In the inheritance of coat 
color in Andalusian fowls, likewise, it is found that w^hen black is crossed 
with splashed white the crossbred (Fi) birds are neither black nor white 
but a mixture of the two called ^^blue^^ (Fig. 18). When two such blue 
fowls are bred together, they produce on the average about 25 per cent 
black, 60 per cent blue, and 25 per cent white progeny, a ratio of }^i . : : 34* 
Here there are three visibly different classes, corresponding exactly to the 
three which are genetically different. It is evident, moreover, that such a 
trait as blue plumage color in poultry is not a true Mendelian character at 
ail, in the sense that it is inherited independently and will segregate, but 
that it is merely the expression of the two contrasted factors when both 
are present. 

In their simplest form, then, the facts as to segregation may be stated 
as follows: When individuals differing in a single trait are crossed, each 
trait behaves as a unit, passes intact through individuals of the first 
generation, w’here it may or may not be visibly expressed, and emerges 
unchanged in the second generation. Here one-fourth of the individuals 
tend to resemble, in appearance and breeding behavior, one of the 
original pure types; one-fourth tend to resemble the other; and one-half to 
resemble the first-generation hybrids. 

Espianation of Segregation.— The explanation which Mendel proposed 
for the occurrence of segregation and its characteristic ratios involved a 
radically new conception of the manner in which heritable traits are 
transmitted from generation to generation. As previously stated, the 
only physical link between parent and offspring is the sexual cell or 
; gamete, which contains factors for every heritable trait which the off- 
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spring displays. In the illustration previously employed, then, it may be 
assumed that all the gametes of the parent red-flowered pea plant carry a 
factor for redness of flowers (in addition, of course, to many others), since 
such a plant, when self-fertilized, produces only red-flowered offspring. 
In the same way, all the gametes of the white-flowered plant carry a factor 
for whiteness. When a cross is made between a red-flowered and a white- 
flowered plant, two gametes, one carrying red and the other white, unite 
to produce a plant which is hybrid for this particular character. This 
hybrid plant obviously must contain in every one of its cells factors for 


Fig. 22. — Microphotograph of pollen from an anther of a maize plant heterozygous 
for the starchy-waxy factor pair showing segregation for this factor. The pollen has been 
treated with iodine making the “starchy” grains appear dark in contrast to the “waxy” 
ones, which are- light. {From Demerec.) 

both redness and whiteness. It so happens that in this case only redness 
becomes visibly expressed in the plant, in contrast to those instances 
where dominance is absent and where both the contrasting factors 
influence the appearance of the hybrid individual. Now the essential 
feature of Mendel'S explanation of segregation lies in his assumption 
as to the manner in which this hybrid red-and-white-carrying individual 
produces gametes. The fact that, where two such hybrids are crossed (or 
where one is self-fertilized), some of the offspring are true-breeding reds 
which never produce white-flowered plants among their offspring naturally 
implies that each of the gametes which united to produce such true- 
breeding progeny carried a factor for red but none for white. Similarly, 
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the occurrence of pure-breeding white-flowered plants implies the union of 
two white-carrying gametes which lack factors for red. From these 
considerations, Mendel drew the inference that when such a hybrid 
individual, containing factors for both red and white, itself produces 
gametes, these gametes are not all alike but are of two different kinds, half 
of them carrying only the factor for redness and half of them carrying only the 
factor for whiteness. The correctness of this inference may sometirnes 
be proved by direct observation, as in the case of certain plants where the 
pollen grains produced by a heterozygous individual fall clearly into two 
equal groups, the members of which differ in size, shape, or chemical 
constitution (Fig. 22). 

This inference has two implications: first, that every gamete is pure, 
containing only one member of a given factor pair and thus never showing 
the hybrid character of the individual producing it; and, second, that in 
the formation of gametes there is a reduction in the amount of genetic 
material carried, each gamete containing only half of the factorial equip- 
ment which is present in an ordinary body cell. The essential feature of 
the mechanism of segregation, therefore, lies in the circumstance that a 
factor carried by the gametes of one parent and its contrasting factor 
carried by the gametes of the other parent come together and coexist for a 
, .generation in the cells of the resulting hybrid offspring without blending or 
losing their identity; and that, when such a hybrid individual produces its 
own sexual cells, in turn, these two factors become completely and cleanly 
separated again or segregated from one another, each of the new gametes 
being entirely pure and containing either the one factor or the other but 
never both. 

The characteristic K-M-M ratio displayed by the offspring of 
the hybrid individuals is readily explained if one makes, as did Mendel, 
one further assumption, namely, that in fertilization there is no affinity 
between gametes carrying the same factors but that the different types 
unite at random, a ay pollen grain (or sperm) fertilizing any ovule (or egg), 
and all possible combinations of factors being thereby produced through 
the operation of chance alone. Since a hybrid produces two kinds of 
male gametes and two kinds of female ones, as regards any given factor 
pair, there will evidently be four possible combinations in fertilization : one 
involving two factors for one of the members of the pair, another involving 
two factors for the other member, and two in which unlike factors are 
united. 

The Genotype and Its Representation. — -The mechanism' of segrega- 
tion and the appearance of the characteristic ratios which accompany it 
are perhaps best understood if the common Mendelian method of nota- 
tion is employed and the factorial naake-up of individuals and of their 
gametes is represented by simple letters or formulas. It should be 
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emphasized that every individual is in a genetic sense a double structure, 
since it arises from the union of two gametes and thus draws half of its 
inheritance from one parent and half from the other. If in the cross 
which has been used as an example C represents the factor for colored 
(red) flowers and c the factor for white/ the pure-breeding colored- 
flowered parent, which received the factor C from both of its parents, may, 
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Fig. 23. — Chart showing the behavior of the factors in the cross illustrated in Fig. 16 
(colored and w’^hite flowers in peas) and giving the genotypes and phenotypes of parents 
and Fi, the gametes which they produce, and the random union of Fi gametes to form the 
three genotj^pic and two phenotypic classes of Fa zygotes shown in the checkerboard. 

therefore, be represented by the formula CC; and the pure-breeding 
white-flow^'ered parent by cc (Fig. 23). This formula applies to every 
body cell of the plant. Of course, it should be borne in mind that here only 
one of the large number of factor pairs which are actually present is 
being represented. Now in the cell divisions which just precede the 
formation of the gametes, cytological research has strikingly confirmed 
MendeFs assumption that there is a reduction by half in the amount of 

^ The dominant (or more dominant) factor of a pair may be designated by a large 
letter and the other^ factor by the corresponding small letter, thus indicating imme- 
diately which factors comprise a pair (of alleles). 
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hereditary material/ and it is therefore justifiable to assume that every 
sexual cell produced is no longer a double structure (like the body cells) 
but carries just half of each of the factor pairs which occur in the parent 
plant. The gametes of the colored-flowered parent in the illustration 
would, therefore, be represented by C, and those of the white-flowered 
parent by c. When these two plants are crossed and an egg, C, is ferti- 
lized by a male gamete, c (or vice versa), the genetic formula of the result- 
ing hybrid plant is obviously Cc, Since color is completely dominant 
here, this plant appears colored flowered, but in its factorial make-up 
(technically known as its genotype^ as distinguished from its appearance or 
phenotype) there is present a recessive factor for white. If there were no 
dominance and the hybrids were intermediate in appearance — pink, " 
perhaps— it would, of course, still be represented by the same genotype. 
When the two members of a given factor pair are alike (as in the parent 
plants between which this cross was made), the individual is said to be 
homozygous for the factor in question; when the two members are different 
(as ill this hybrid), it is said to be heterozygous. The essence of the 
phenomenon of segregation lies in the fact that, when this heterozygous 
individual produces gametes, these are not hybrid or heterozygous at all, 
but half of them are C and half c. Thus the hybrid character of a plant 
cannot be carried by its gametes, which must be entirely one thing or 
entirely the other, and are thus pure. The factors C and c, brought in 
from the original red and white parents, have coexisted in the hybrid with- 
out influencing each other in the least and have now parted company or 
become segregated. ' 

In the offspring of these hybrid Fi plants (derived through either cross- 
or self-fertilization) appear the characteristic or ratios 

described, and their occurrence is readily explained if it is assumed that 
fertilization is a purely random process. The gametes of each hybrid 
parent, after the reduction and segregation which accompany their origin, 
are of two sorts, approximately half of them carrying the factor C and the 
other half the factor c, so that if pollen of a hybrid is placed on the stigma 
of a hybrid and the fertilization which follows is a free and random iinion, 
there are four possible combinations which may result in the offspring 
produced. C male gametes may fertilize C eggs, forming G(? plants; C 
male gametes may fertilize c eggs, forming Cc plants; c male gametes may 
fertilize C eggs, also forming Cc plants; or c male gametes may fertilize 
c eggs, forming cc plants. Each of these combinations, on the basis of 
pure chance, is just as apt to occur as any other, and each should thus give 

The chromosomes of the nucleus are in all probability the actual bodies in which 
the genetic factors are carried, and it has been shown that in the reduction division 
just preceding the production of gametes the number of chromosomes in the nucleus 
is halved (p. 164 ). 
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rise to approximately one-fourth of the progeny. The genotypes of the. 
original parents and of the Fi and'F 2 generations for flower color in peas, 
which shows dominance, and for flower color in snapdragons, which does 
not, are set forth graphically in Figs. 23 and 24. 

Segregation and the Theory of Probability. — Evidence that chance 
alone is concerned in determining the various combinations between 



Fig. 24. — Chart showing the behavior of the factors in the cross illustrated in Fig. 17 
(red and white flowers in snapdragons) giving the genotypes and phenotypes of parents 
and Fi, the gametes which they produce, and the random union of Fi gametes to form 
the three genotypic and three phenotypic classes of F 2 zygotes shown in the checkerboard. 

different types of gametes is provided by the similarity between results 
obtained in the F 2 ratios and those which should theoretically appear 
on the basis of probability. For example, if a coin is tossed, there is one 
chance out of two that it will fall heads and an equal chance that it will 
faU tails; or, to express it another way, the tosses will fall about half heads 
and half tails. If two coins are tossed at the same the chance of any 
particular combination of such independent events— such as heads with 
heads, heads wdth tails, or tails with tails — may readily be computed by 
multiplying the chances of each of the two separate events. Since for 
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each coin the chances are one out of two that heads will be thrown, 
the chances for heads on both coins at the same throw are one out of four 

X Similarly, the chance for heads on one and tails on the other, 
for tails on one and heads on the other, or for tails on both is in each case 
one out of four. On the basis of pure chance, therefore, we may expect in 
a series of double throws that of the throws will give two heads, M the 
combination of heads and tails, and two tails. This is the ratio 
obtained in the F 2 . 

A closer analogy is perhaps provided by thoroughly mixing large but 
equal numbers of red and white beans and drawing therefrom pairs of 
beans at random. The chances of making a draw of two red beans 
simultaneously is thus one out of four; of a red bean and a white one, one 
out of two; and of two white beans, one out of four. If the mixture 
represents the gametes of an individual heterozygous for (7, the red beans 
gametes carrying C, and the white ones those carrying c; and if the 
random drawing of two beans represents the random union of two 
gametes, the chances of obtaining the various combinations of C and c 
gametes in the F 2 may be readily computed and are found to be one out 
of four for CC (homozygous colored), one out of two for Cc (heterozygous 
colored), and one out of four for cc (white), the result actually obtained. 

The Mendelian explanation of this method of inheritance can be 
put to many tests. What, for instance, should be the' result if an Fi 
hybrid plant were to be crossed with the recessive white-flowered type? 
On Mendehs assumption it would be expected that half of the gametes 
of the hybrid would carry red and the other half white, while all the 
gametes of the white-flowered plant would carry white. Thus if pollen 
from the hybrid is placed on the stigma of the white-flowered plant, there 
is one chance out of two that a “red^’ male gamete will fertilize a ^Svhite 
egg (to produce heterozygous red offspring) and one out of two that a 
/Vhite” male gamete will do so. The expected progeny would thus 
be red and white plants in equal numbers. Thousands of tests have 
shown that this result indeed takes place and that a mating between a 
heterozygous dominant and a recessive may be expected to give offspring 
of which about half are red and half are white. 

Tests of this sort unite in confirming the explanation which Mendel 
gave for the behavior of unit factors in crosses, and the principle of 
Segregation is one of the two major contributions made by him to genetic 
theory. The conception which it gives of the manner in which heritable 
traits are transmitted from generation to generation has also led in recent 
years to some remarkable discoveries as to the actual mechanism of 
inheritance itself, the details of which will be discussed in a later chapter. 

Measure of ^‘Goodness of a/ a Obviously, the ratios pro- 

duced by segregating populations in breeding experiments will rarely be 
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exactlj^ the ones that are theoretically expected, and it is important to 
know whether a given deviation from expectation is due merely to chance 
whether some other factor is operating which has caused a really 


or 


significant departure. To determine this it is useful to calculate the 
probable f requency with which a deviation as great as, or greater than, the 
observed one will appear if another similar trial is made or another similar 
sample taken. The higher this frequency is, of course, the less likely is it 
that the delation is a significant one, and the more likely is it that the 
population is really an instance of the particular ratio chosen. 

This probability may be found by comparing the size of the deviation 
from the expected ratio mth the size of what is known as the standard 
error of this ratio (S.E.r). The standard error of a ratio may be calcu- 
lated from the following formula: 


S.E.r 


4 


vg 

n 


where p is one of the theoretical percentages, q the other (necessarily 
equaling 1 — p), and n the total number of individuals. We shall discuss 
the standard error and its significance in a later chapter (p. 147). 

Let it be assumed, for example, that in a given F 2 population, where 
segregation in a ratio of % : M is expected, there are actually found 390 
individuals showing the dominant trait and 110 the recessive. This is a 
ratio of .78 to .22, and deviates from the expected ratio of .75 to .25 by 
.03. The standard error for this theoretical proportion will thus be 


4 


.75 • .25 
500 


or .0194 


The deviation is therefore 1.55 times as great as its standard error 
(.03/.0194 = 1.55). 

The deviation may also be compared with its standard error in terms 
of actual numbers by use of the formula 


S.E.r 


\ T 


C2 

n 


where Ci is the expected number in one class and C 2 in the other. In 
the above example these are 375 and 125, so that 


S.E.r = .J' 


'375 • 125 
500 


9.68 


The actual deviation is, of course, 15 (390 — 375); as before, it is 
1.55 times its standard error (15/9.68 = 1.55). 

How frequently a deviation of this relative size may be expected as a 
result of chance alone can be calculated from a table like that on page 150 
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(Table XVI)j which is based on the character of what is called the normal 
probability curve, and which will be explained more fully in connection 
with the table itself. The first column of the table gives the relative size 
of the deviation in terms of its standard error (or standard deviation) 
and is merely the deviation divided by its error. The third column shoAvs 
the calculated percentage frequency with which a deviation of this size, 
or larger, may be expected to occur again under similar circumstances as 
a result of chance alone. Thus a deviation of 1.6 times its error may be 
expected in 10.96 per cent of similar cases, and one of 1.55 times its error 
(the example here given) somewhat more often than this, actually in 
about 12 per cent of the cases. Such a relationship may also be expressed 
as one chance out of eight, or the odds against its occurrence may be 
given as seven to one. 

In general, if the deviation of a ratio from expectation is so great that 
it is more than twice the standard error of this ratio, it is commonly 
regarded as significant, since in only about 4.5 per cent of similar cases will 
as great a deviation occur by chance. A segregating population that 
deviates from a given expected ratio by less than twice its standard error 
is therefore probably an instance of the ratio in question. The devia- 
tion in the example here cited is thus probably not significant, since one 
as great would be expected 12 per cent of the time; and the population 
is therefore probably segregating in the ratio of 75:25 per cent, as was 
expected. The size of a deviation from expectation in proportion to its 
error may thus be used as a measure of the “goodness of fit^’ of any 
observed ratio to any given theoretical expectation. This general sub- 
ject is discussed again in Chapters IV and VI. 
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PROBLEMS 

36, What is the chief practical importance of discovering laws of inheritance? 

37. Give other examples, similar to those mentioned in the text, of a con- 
stant association between two series of phenomena which indicates a “cause- 
and-efiect” relationship between them. 
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38. Give an example of a group of natural phenomena, the laws governing 
the behavior of which have not yet been discovered. 

39. Give an example of another biological principle w^hich has been found to 
apply equally well to animals and plants. 

40. l^Taat advantage has the method of experiment over that of observation 
alone as a means of studying natural phenomena? 

41. Why have the biological sciences been slo-wer to adopt the experimental 
method of investigation than have the physical sciences? 

42. What advantage and what disadvantage have plants over animals as 
material for the study of heredity? 

43. Explain how it can be that individuals which look very much alike breed 
very differently. 

44. Hybrid animals and plants notoriously fail to breed true. Explain. 

46. Why is the Fi between two homozygous parents as uniform as the parents 
themselves? 

In human families traits are often observed to ^^skip^’ a generation or 
two. How do you explain this? 

4*3^ Which do you think would be easier to handle in breeding, a trait which 
showB complete dominance or one which does not? Why? 

48. What evidence is there that genetic factors occur in the body cells as 
well as in the gametes? 

„.4^| Does Mendelian segregation take place in asexual reproduction? Explain. 

60. Why is the principle of Segregation of more fundamental importance 
than the principle of Dominance? 

Mote . — In summer squashes white fruit color is dominant over yellow. 

If a squash plant homozygous for white is crossed with one homozygous 
for yellow, what will be the appearance of the Fi? of the Fa? of the offspring of 
a cross of the Fi back to its white parent? of the offspring of a cross of the Fi 
back to its yellow parent? 

62. Let the factor for white fruit be represented by W and that for yellow by 
w. What kind of gametes as to fruit color will be produced by plants of the 
genotypes IF W, Ww^ and wiy? 

53. What gametes will be produced by the plants involved in the following 
crosses, in which the genot 3 ^pes of the parents are given, and w4at will be the 
fruit color of the offspring from each cross: Ww X ww; WWV X Ww] ww X WW) 
Ww X IFtu?,''' 

54. A white-fruited squash plant when crossed with a yellow-fruited one 
produces offspring about half of which are white and half yellow. What are 
the genotypes of the parents? 

66. If the white-fruited parent in the preceding question is self-fertilized; what 
will be the fruit color of its offspring? 
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56. If this same white-fruited parent is crossed with one of its white-fruited 
offspring mentioned in Problem 64 what chance is there of obtaining from this 
cross a yellow-fruited plant? 

57. Two white-fruited squash plants when crossed produce about three- 
fourths white and one-fourth yellow offspring. What are the genotypes of these 
two parents? What will each produce if crossed with a yellow-fruited plant? 

58. A cross between a white-fruited and a yellow-fruited squash plant pro- 
duces all white plants. If two of these Fi white plants are crossed together, 
what will be the appearance of their offspring? 

Note. — In guinea pigs, rough or rosetted coat (R) is dominant over smooth (r). 

59. If a homozygous rough-coated animal is crossed with a smooth one, 
what will be the appearance of the Fi? of the F 2 ? of the offspring of a cross of the 
Fi back to its rough parent? to its smooth parent? 

60. A certain rough-coated guinea pig bred to a smooth one gives eight 
rough and seven smooth offspring. What are the genotypes of parents and 
offspring? 

61. If one of the rough Fi animals in the preceding question is mated to its 
rough parent, what offspring may be expected? 

62. Two rough-coated guinea pigs when bred together produce 18 rough and 
4 smooth offspring. What proportion of these rough offspring may be expected 
to be homozygous for this character? 

Note. — The polled or hornless condition in cattle (P) is dominant over the 
horned (p). 

63. A certain polled bull is bred to three cows. With cow A, which, is horned, 
a polled calf is produced; with cow B, also horned, a horned calf is produced; 
with cow C, which is polled, a horned calf is produced. What are the genotypes 
of these four animals and what further offspring would you expect from these 
three matings? 

Note. — In man, brown eyes (B) are dominant over blue (5) . 

64. A brown-eyed man marries a blue-eyed woman and they have eight 
children, all brown-eyed. What are the genotypes of all the individuals in the 
family? 

65. A blue-eyed man both of whose parents were brown-eyed marries a brown- 
eyed woman whose father was brown-eyed and whose mother was blue-eyed. 
They have one child, who is blue-eyed. What are the genotypes of all the indi- 
viduals mentioned? 

66. What are the chances that the first child from a marriage of two hetero- 
zygous brown-eyed parents will be blue-eyed? If the first child is brown-eyed, 
what are the chances that the second child will be blue-eyed? 

Note. — In four-o’clock flowers, red flower color (P) is mcompletely dominant 
over white (r), the heterozygous plants being pink-flowered. 
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67. In tile following crosses, in which the genotypes of the parents are given, 
what are the gametes produced by each parent and what mil be the flower color 
of the offspring from each cross: Rr X RR] rr X Rr; RR X rr; Rr X Rr? 

68. If a red-fiowered four-o’clock plant is crossed with a white-flowered one, 
what mil be the flower color of the Fi? of the Fo? of the offspring of a cross of the 
Fi mth its red parent? mth its white parent? 

69. If you wanted to produce four-o’clock seed all of which would yield 
I'ink-flowered plants when sown, how would you do it? 

Note. — 111 Andalusian fowls the heterozygous condition of the factors for 
black plumage (B) and white (b) is blue. 

70. If has long been knomi that blue Andalusian fowls do not breed true to 
the blue color of their plumage. How do you explain this? 

71. What offspring will a blue Andalusian fowl have if bred to birds of the 
following plumage colors: (1) black; (2) blue; (3) white? 

Note, — In poultry, rose comb is dominant over single comb. 

72. A farmer believes that some of his rose-combed Wyandotte fowls may 
carry a factor for single comb. Can you suggest a method for finding out which 
fowls are heterozygous? 

73. Two black female mice are crossed with a brown male. In several litters 
female 1 produced 9 blacks and 7 browns; female 2 produced 17 blacks. What 
deductions can you make concerning inheritance of black and brown coat color in 
mice? What are the genotypes of the parents in this case? 

74. A purple-flow^ered Jimson weed when self-fertilized gives 30 purple- 
flowered and 9 white-flowered offspring. What can you conclude from this 
as to the inheritance of flower color in this species? What proportion of the 
purple-flowered offspring may be expected to breed true to purple? 

75. Assume that in a particular species of plants colored flowers are dominant 
over white ones and that (as in beans) the flowers are self-fertilized in nature. 
Assume that one heterozygous colored-flowered plant, Cc, becomes established 
on an island where no other individuals of this species exist and that its offspring 
thrive and multiply there in great numbers. Assume also that it is an annual 
plant and that thus there is no chance for members of one generation to cross with 
those of another. What will the generation of descendants look like as to 
flower color? 

76. Make just the same assumptions as in Problem 75, exceft that the plant 
in question (like sunflowers and many other plants and animals) is self-sterile and 
must be crossed with another plant to set fertile seed; that two heterozygous 
plants, Cc and Cc, are the original invaders; and that the individuals of each 
generation breed freely together. What will the fifth generation of these plants 
look like as to flower color? 

77. A given F2 population consists of 404 A and 129 a individuals. Galculate 
the deviation of this segregation from a 3:1 ratio, the standard error of this 
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deviation, and the ratio d/SEd. Is this deviation significant? Does a single- 
factor segregation satisfactorily explain the result? 

78. For each of the three following Fa populations, determine whether or not 
it is to be regarded as an instance of a 3:1 ratio. 

A a 

870 330 

40 20 

306 94 

Note— In the following six human pedigrees the individuals which are solid 
black possess the trait mentioned. Squares represent mates and circles females. 
Determine for each pedigree the method of inhevitcifice of the tiait in question 
(whether dominant or recessive) ; and, as far as possible, determine for that trait 
the genotype of each individucd in the pedigree. 
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Muscle atrophy 
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Short-siffhtedness 



Feeble-mindedness 

Note .' — In the following four pedigrees, calculate the probability that the trait 
in question will appear in the offspring of the various matings indicated. Assume 
that these individuals have had no children and that the only indication as to 
their genotype is the occurrence of the trait in the pedigree. Assume further 
(unless there is evidence to the contrary) that individuals who have married into 
these families and who do not show the trait in question do not carry recessive 
factors for it. 




Trait dominant 







CHAPTER lY 


MENDEL'S LAWS OF INHERITANCE. II 

It has been seen that MendeFs genius in studying the inheritance of 
single characters by themselves led him to a discovery of the principle of 
segregation, the essential features of which have been discussed in the 
preceding chapter. This principle is concerned with the hereditary 
transmission of but one of the many factor pairs wdiich constitute the 
individual. In most breeding problems, however, it is necessary to be 
able to follow, not only a single character, but a whole series of them at 
once and to understand how they behave with relation to each other in 
their passage from generation to generation. 

The Principle of Independent Assortment. — Mendel studied seven 
pairs of characters in peas, involving seed color, seed surface, flower 
color, vine height, color of unripe pods, pod shape, and position of flowers. 
A study of the results of experiments in which plants differing in two or 
more of these characters were crossed led to his discovery of the second 
major principle of Mendelian inheritance, namely, ^Hhe relation of each 
pair of different characters in hybrid union is independent of the other 
differences in the two original parental stocks.'' 

Mendel was led to a recognition of this principle by the results of a 
cross made between a pea plant having round and yellow seeds and one 
having wrinkled and green ones. ^ In this case he found, of course, that 
the Fi hybrids were all round-seeded and yellow-seeded, since these two., 
characters are both dominant. When two of these Fi hybrids w’-ere ' 
crossed, however (or when one of them was self-fertilized), and an F 3 
generation raised therefrom, he found that m generation there 
appear63d not oifly the two original combinations of characters— roiind 
with yellow and wrinkled with green— but. two new combinations, round 
with green and wrinkled with yellow. These four kinds of plants, moreover, 
were not equal in numbers but appeared'"m..a rather definite ratio, the 
successful interpretation of which was Mendel's second great contribution 
to genetic theory. He raised 556 second-generation plants, and the 
counts which he obtained were as follows: 

315 .round and yellow. 

108 round and green. 

I^Such a cross as this, wHch involves character differences, is technically 
known as a cross. 
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101 wrinkled and yellow. 

32 wrinkled and green. 

Considering either of these character pairs alone, it is found that 
approximately three-fourths of the plants show the dominant trait and 



Fig, 25. — The independent inheritance of two pairs of characters in Drosophila. A 
pure long- winged fly with ebony body mated with a vestigial-winged, gray-bodied one 
produces all long-winged, gray-bodied flies in Fi. These when inbred produce an Fa 
generation consisting of long, gray; long, ebony; vestigial, gray; and Jde 
vestigial, ebony. {From Morgan^ Sturtevant, Muller and Bridges^ courtesy of Henry Holt & 
Company.) 

one-fourth show the recessive, as a knowledge of the principle of segre- 
gation would lead one to expect. Thus, of the total 556 plants 423, or 
76.08 per cent, ^re round-seeded; 133, or 23.92 per cent, are wrinkled” 
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seeded; 416, or 74.82 per cent, are yellow-seeded; and 140, or 25.18 per 
cent, are green-seeded. When both character pairs are considered 
together^ however, it is found that the segregation into three-fourths and 



White Dfec White Disc White Disc White Sphere 



Yellow Disc Yellow Disc Yellow Disc Yellow Sphere 

Fig. 26 .^ — -The inheritance of two pairs of characters in summer squashes, illustrating 
Menders law of independent assortment. White is dominant over yellow and “disk’* 
shape over “sphere.” In F 2 there result white, disk; ^6 white, sphere; yellow, 
disk; and 6 yellow, sphere plants, 

one-fourth which occurs in each pair when considered alone is entirely 
independent of the similar segregation which takes place in the other pair. 
Thus, of the three-fourths of the Mtire group of plants which are round- 
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seeded, approximately three-fourths, in turn, are yellow-seeded and 
one-fourth are green; and of the other fraction (one-fourth) which are 
wrinkled-seeded, three-fourths, again, are yellow-seeded and one-fourth 
green. This leads to the result that three-fourths of of the 

entire number of plants in the F 2 generation, or nine-sixteenths of the 
entii'e number of plants, show both dominant characters (round and 
yellow) ; one-fourth of ihree-fourthSj or three-sixteenths, show one dominant 
and one recessive (round and green) ; three-fourths of one-fourth^ or again 
three-sixteenths, show the other combinations of dominant and recessive 
(wrinkled and yellow); and only one-fourth of one-fourth, or one-sixteenth, 
show both recessive characters (wrinkled and green). The counts which 
Mendel actually obtained in his experiment (315 ; 108 : 101 :32) came very 
close to these proportions,^ and he therefore inferred that the second 
generation from a cross involving two character-pair shows four kinds of 
individuals, approximately in the ratio of or 9:3:3: 1. 

His results with other characters in peas and similar crosses, which have 
been made many times by others with various animals and plants, leave 
no doubt that this ratio is the true one for such dihybrid crosses involving 
independent characters which show dominance. Similar cases of dihy- 
brid inheritance in Drosophila and squashes are shown in Figs. 25 and 26. 

This independent assortment of two character pairs is made still 
more manifest by the fact that the particular combination in which the 
characters are brought into a cross makes no difference at all in the man- 
ner in which they are assorted and recombined in the F 2 . In the example 
cited both dominant characters were brought in by one parent and both 
recessives by the other, but exactly the same results are obtained in 
the F 2 if, instead of crossing round and yellow with w^'rinkled and green, 
round and green is crossed with wrinkled and yellow. The Fi is round, 
yellow; and the F 2 is again round, yellow; round, green; 
wrinkled, yellow; and Jde wrinkled, green. 

Explanation of Independent Assortment. — Perhaps it will be 
easier to understand what is involved in the principle of independent 
assortment if the factors are again represented by letters and the geno- 
types of the various individuals and the gametes which they form are 
studied in this way. Let the factor for round seeds be represented by R 
and that for wrinkled seeds by r; and the factor for yellow^' seeds by Y 
and for green seeds by y. MendeFs original round, yellow parent plant 
would thus be represented by the formula RR YY, and his wrinkled, 
green plant by rr yy. It has already been noted that the gametes carry 
just half of the factorial constitution of the parent individual, so that 

^ The actual may be compared with the perfect ratio by multiplying the total 
number of plants, in this case 556, by H&i Hq) and Jfe. The perfect ratio in 
this case is 312.75: 104.25: 104.25:34.75. 
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ill this case one parent would produce gametes all of which carried RY] 
and the other, gametes ail of which carried ry; and the resulting Fi 
hybrid offspring arising from a union of two of these gametes would 
consequently have the genotype Br Yy. Now the crux of the problem, 
as ill that of segregation, lies in the kinds of gametes produced by this Fi 
iiidividiial. When the character of seed surface alone is considered, 
it is found that the Fi Rr indi\ddual produces gametes half of which carry 
R and half r. It is clear, however, that every gamete must necessarily 
contain within itself not only a factor for seed surface but one for seed 
color as well and, indeed, factors affecting every other character of 
the plant. Half of these same gametes must, therefore, contain the 
factor Y and half the factor y; but in any given gamete it seems to be 
purely a matter of chance as to whether the factor for round seeds is asso- 
ciated with that for yellow seeds or with that for green seeds. The 
particular combination of factors which enters the Fi plant from each 
parent (round with yellow and wrinkled with green in this case) has no 
effect whatever upon the way in which they are associated in the gametes 
formed by this Fi plant. Their assortment is independent. Of that 
half of the gametes which carry the factor for round seeds, a half in turn 
(or a quarter of the whole) carry yellow and a half carry green; and of 
that half which carry the factor for wrinkled seeds, a half also carry 
yellow and a half green. The Fi hybrid may, therefore, be expected to 
produce four kinds of gametes in approximately equal numbers: R F, 
R y, r Y, and r y. 

Now if two such Fi plants, each of them producing four kinds of 
gametes, are crossed, there will obviously be 16 possible combinations 
among their gametes, for there mil be four kinds of pollen grains and 
four kinds of egg cells. The union of these gametes in fertilization 
is here, too, apparently entirely a random one, any type of pollen grain 
being as likely to effect fertilization as any other; and any type of egg 
cell being as likely to be fertilized as any other, no selective preference 
being exhibited between them. The 16 possible combinations which 
appear among the F 2 offspring will, therefore, tend to be equally numer- 
ous. The parents, Fi, and F 2 of the cross which has been used as an 
example are represented diagrammatically in Fig. 27 as to both their 
genotypes and their appearance, the 16 squares in F 2 representing the 
16 possible combinations of gametes. A count of these squares makes 
clear how the 9:3:3:! ratio arises, for 9 out of these 16 individuals are 
in appearance round and yellow, 3 are round and green, 3 are wrinkled 
and yellow, and only 1 is wrinkled and green. 

The simplest way to determine the expected combinations produced 
by random union among gametes is to arrange the gametes from the two 
sexes on two sides of a checkerboard, as in Fig. 27. In the row of squares 
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and round seeds and a green, wrinkled-seeded one, the appearance, genotype, and gametes 
of parents and Fi are shown. The results of random union between the four types of 
gametes formed by the Fi heterozygote are presented in the Fa checkerboard. 
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from each gamete are written the factors contributed by that gamete. 
Each square at the intersection of two rows represents the zygote formed 
by the union of one male and one female gamete, and the genotype and 
phenotype of each expected type of offspring (16 in this case) may be 
read directly from the squares. 

This principle may perhaps be made a little clearer by a simple com- 
parison. Assume that of all the men in a given country half are brown- 
eyed and half are blue-eyed, and that half are right-handed and half 
left-handed. Assume further that there is no connection whatever 
between these two characters, so that of the brown-eyed men approxi- 
mately half are right-handed and half left-handed, and of the blue-eyed 
ones, the same. There will thus be four kinds of male individuals in 
about equal numbers: the brown-eyed and right-handed, the brown- 
eyed and left-handed, the blue-eyed and right-handed, and the blue-eyed 
and lelt-handed. Finally, assume that the women are divided in just the 
same way and that in determining what matings shall take place between 
men and women, eye color and right- and left-handedness play no part 
whatever, a brown-eyed individual being just as likely to mate with 
a blue-eyed as with a brown-eyed one, and a right-handed individual 
with a left-handed as with a right-handed one. The existence of four 
types of men and four types of women in about equal numbers will thus 
result in 16 kinds of matings, each as likely to take place as any other, 
a condition precisely parallel to that whith occurs in the union of the 
four types of gametes of an Fi dihybrid to form the Fa generation. 

Difference between Genotype and Appearance. — It is obvious, how- 
ever, that in the Fa generation the 16 types will not all be visibly different, 
since some of the combinations will look alike, as dominance causes 
heterozygous individuals to look like homozygous dominant ones. 
As far as actual appearance goes, therefore, there will be only four kinds 
of individuals instead of 16, and some of these groups will be much more 
numerous than others. 

The way in which new combinations of characters are brought about 
through hybridization is therefore evident, but it should be remembered 
that the appearance of many of these Fg individuals does not give an 
accurate idea of their genetic constitution, for they may be heterozygou.s 
in one or both factors and will therefore not breed true. There are, 
for example, four kinds of round-seeded and yellow-seeded individuals: 
those with the genotype ER FF, which are homozygous for both round 
and yellow and will breed true if inbred; those with the genotype EE Yy, 
which are homozygous for round but heterozygous for yellow and will 
therefore breed true to round but not to yellow; those with the genotype 
Rr FF, which are heterozygous for round and homozygous for yellow 
and will breed true to yellow but not to round; and those with the geno- 
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type Rr Yy, which are heterozygous for both and will breed true to 
neither character but will produce offspring exactly like those of the F i. 
A study of the squares in Fig. 27 shows that these four types are not found 
in equal numbers but in the proportion of 1 ; 2 : 2 ; 4, respectively. Mendel 
tested this assumption experimentally and inbred all of his 315 Fa plants 



Pink, Norma! 
Rr Nn 



Fig. 28. — Diagram showing the independent inheritance in snapdragons of two pairs 
of characters, in one of which dominance is complete and in the other of which it is lacking. 
In a cross between a plant homozygous for red flowers of normal shape and one with white 
and abnormal (peloric) flowers, the appearance and genotype of parents, Fi, and F 2 are 
shown. 

which bore round and yellow seeds. He obtained offspring from 310 
of them, of which 38 produced plants all bearing round and yellow seeds; 
65 produced plants all bearing round seeds but some yellow and some 
green; 60 produced plants all bearing yellow seeds but some round and 
some wrinkled; and 138 produced plants of all four types. 
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Of course, it sliouid be borne in mind that the characteristic 9 :3 :3 : 1 
ratio is to be found only when both characters show complete dominance. 
If dominance is ■< partial or absent, the heterozygous individuals are 
different in appearance from the pure ones, and more than four F 2 groups 
will thus be visibly distinguishable. The results of a dihybrid cross in 
which one character pair shows complete dominance and the other does 
not are shown in Fig. 28. The presence or absence of dominance, how- 
ever, has no bearing whatever on the fundamental fact of the independ- 
ence of assortment of the factors in the gametes. 

The Trihybrid, — When individuals differing in three independent 
characters are crossed, the situation is naturally more complex, but 
the principle of independent assortment still holds good. If a homozy- 
gous round-seeded, yellow-seeded, and colored-flowered pea plant is 
crossed with a wrinkled-seeded, green-seeded, and white-flowered one, 
the Fi hybrids are all, of course, round-seeded, yellow-seeded, and colored- 
flowered. The F 2 , however, will be much more complex than a dihybrid 
F 2 . Since the assortment of these three sets of factors in the gametes 
is independent, there will evidently be eight kinds of gametes: one-half 
of one-half of one-half, or one-eighth, carrying the factors for round, 
yellow, and colored; one-eighth those for round, yellow, and white; one- 
eighth those for round, green, and colored; one-eighth those for round, 
green, and white; one-eighth those for wrinkled, yellow, and colored; one- 
eighth those for wrinkled, yellow, and white; one-eighth those for 
wrinkled, green, and colored; and one-eighth those for wrinkled, green, 
and white. 

In the F 2 generation produced by random union among these eight 
kinds of gametes there will evidently be 64 equally possible and theo- 
retically equally frequent combinations. As in the dihybrid F 2 , many 
of these will be similar and many others mil look just alike but will have 
different genotypes. These 64 F 2 types, with their appearance and their 
genotypic constitution, may be presented in a checkerboard which repre- 
sents the results of a trihybrid cross. A study of such a group shows 
that there are only eight visibly different forms: (or of of M) 

have all three dominant characters; three groups each with %4 {or ^ 
of of show two of the dominants and one of the recessives; three 
groups each with ^4 (or of 3 ^^ of show one dominant and two 
recessives; and only ^^4 (or of of show all* three recessive char- 
acters. The ratio of 27:9:9:9:3:3:3:1 is, therefore, typical for such a 
trihybrid, where all the characters show complete dominance. 

As in the monohybrid and dihybrid crosses, many of these F 2 indi- 
viduals which look alike are quite different genotypically, and will produce 
very different offspring when inbred (Table IV). Of the 27:^4 which 
appear round, yellow, and colored, for example, there are eight kinds of 
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plants, each of which will breed differently from the rest. Of course, 
where one or more of the characters studied show incomplete dominance, 
.so that heterozygous individuals may be distinguished at sight from 
homozygous ones, the number of visibly different classes will be larger 
than eight, and the ratio between them will be correspondingly altered. 

In the same way, individuals differing in four characters may be 
brought together in a cross, and in such a case the F 2 is even more com- 
plicated than that of a trihybrid, 16 kinds of gametes being produced by 
the Fi and 256 possible combinations resulting in the F 2 . Crosses of this 
complexity are rarely worked out in detail and the ratios determined. 

Table IV.— The Thbobetical Number op Individuals, with Their 
Genotypes and Breeding Behavior, Expected in Pj prom a 
Trihybrid Cross of a Round, Yellow-seeded, Colored- 
ELOWERBD Variety op Peas with a Wrinkled, Green- 
seeded, White-flowered One 


Ntimber ! 
of indi- 1 
viduals 1 

Genotype 

class 

! 

Phenotype j 
class 

i 

Ratio of 
pheno- 
types 

Breeding behavior 

1 1 

jsBrrcc] 



Breeds true. 

2 ■ 

BrYYCC 



Segregates round- wrinkled, 3 : 1. 

2 

BE Yy CC 



Segregates yellow-green, 3:1. 

2 

RR YYCc 

Round 1 


Segregates colored- white, 3:1. 

4 

Rr Yy CC 

Yellow \ 

27 

Segregates round-wrinkled, yellow-green 


Colored J 


9:3:3:1. 

, 4 

Rr YY Cc ’ 



Segregates round-wrinkled, colored-white, 





9:3:3:1. 

4 

RR Yy Cc 



Segregates yellow-green, colored-white, 





9:3:3:L 

8 

Rr Yy Cc 



Segregates round-wrinkled, yellow-green, 




colored- white, 27:9:9:9:3:3:3:1. 

1 

RRYYcc 



Breeds true. 

2 

RR Yy cc 

Round 1 


Segregates yellow-green, 3:1. 

Segregates round- wrinkled, 3:1. 

2 

Rr YY cc • 

Yellow 1- 

9 

4 

Br Yy cc 

White J 


Segregates round-wrinkled, yellow-green. 





9:3:3:1. 

1 

RR yy CC 



Breeds true. 

2 

RR yy Co 

Round ] 


Segregates colored-white, 3:1. 

2 

Rr yy CC • 

Green [ 

9 

Segregates round- wrinkled, 3:1. 

4 

Rr yy Cc 

Colored J 


Segregates round- wrinkled, colored-white. 




9:3:3:1. 

1 

rrYYCC 



Breeds true. 

2 

rr Yy CC 

Wrinkled ] 


Segregates yellow-green, 3:1. 

2 

rr YY Cc ■ 

Yellow \ 

9 

Segregates colored-white, 3:1. 

4 

rr Yy Cc 

Colored J 


Segregates yellow-green, colored-white 





9:3:3:L 

' 1 ' ■ 

rr yy CC ( 

Wrinkled ] 


Breeds true. 

2 

rr yy Cc j 

Green [ 

Colored j 

3 

Segregates colored-white, 3:1. 

1 ' 

rr YYcc f 

Wrinkled 1 


Breeds true. 

2 

rr Yy cc ■! 

Yellow 
White J 

3 

Segregates yellow-green, 3:1, 

'■ ■ 1 

BB yycc f 

Round ] 


Breeds true. 

■2 

Eryycc “j 

Green } 

White J 

3 

Segregates round-wrinkled, 3:1. 


’ f 

Wrinkled ] 



1 

rr yy cc -I 

Green ^ 

White j 

1 

■Breeds true'.,' 





64 
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on account of the very large number of F 2 individuals which must be 
raised. In actual practice, however, individuals differing in more than 
four characters are often crossed, and although a large and representative 
Fs may not be grown, it is often useful to understand how frequently a 
particular combination of traits might be expected to appear in such an 
F2 and thus to be able to estimate the probability of its occurrence in a 
given number of F2 individuals which might be raised. 

A study of these complex crosses brings out several points which 
should be kept in mind. First, as the number of characters involved 
in a given cross increases, the number of possible character combinations 
in the Fa increases greatly, every added character pair multiplying the 
number of possible combinations by four, the number of genotypically 
different combinations by three, and the number of visibly different 
combinations (when dominance is complete) by two, as indicated by the 
accompanying table (V). Second, as the number of characters involved 
increases, the chance of recovering one of the original parent types in 
the Fa grows rapidly less. When a single factor pair is involved, one 
in 4 of the F 2 will resemble one of the original parents in appearance 
and genotype; when two factors are involved, 1 in 16; when three, 1 
in 64; when four, 1 in 266; and so on. The generalized formula for 
determining the number of visibly different classes, of different kinds of 
gametes, of genotypically different combinations, and of possible com- 
binations of Fi gametes in crosses involving a known number of factor 
pairs is shown in the last line of Table V. 


Table V. — The Relation between the Number of Factor Pairs 
Involved in a Cross and the Number op Phenotypic and 
Genotypic Classes in F2 


Number of factor 
pairs involved in 
the cross 

Number of visi- 
bly different 

Fa classes of 
individuals if 
dominance is 
complete 

Number of dif- 
ferent kinds of 
gametes formed 
by the Fi 
hybrid 

Number of 
genotypically 
different 
combinations 

Number of pos- 
sible combina- 
tions of 

Fi gametes 

1 ' : ' 

2 

2 

3 

4 

2 

4 

. 4 . 1 

9 

16 

3 

8 

8 ! 

27 

64 


16 

16 i 

81 

266 

n 

2n 

2^ 


4'rt 


A study of the assortment and recombination of factors which go 
on in the F 2 when more than one factor pair is involved makes it clear how 
readily new character combinations are formed and emphasizes the 
importance of hybridization as a cause of increased variation, a fact which 
has already been noted in the discussion of variation. A thorough 
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understanding of the principles which are .■concerned in this process 
renders it eas}-" to control and to predict the appearance of new types of 
animals and plants and is one of the chief contributions which the science 
of genetics has made to the art of practical breeding. 

The ^^CM-square^’ Method for Testing Goodness of Fit. — Where a 
segregating population falls into three or more classes, it is impossible 
to determine how closel}* it fits a given theoretical expectation by using 
the method, described in the previous chapter, of comparing the deviation 
with its standard error, for there may be several deviations. Instead, 
biometriciaiis have measured goodness of fit by calculating (chi square), 
and from this determining the probability that a deviation as great or 
greater will occur by chance, x^ is obtained by squaring the deviation 
of each class from the theoretical expectation for that class, dividing 
this by the theoretical expectation for that class, and adding together 
the results from all classes. By means of a table originally calculated 
by Elderton and presented in a more simplified form by Fisher (Table VI), 
it is possible to obtain for a given value of x^ and a given number of classes, 
the value of P, which measures the probability that a deviation as great 
or greater will occur by chance; or in other words the percentage of 
cases in which such a deviation may be expected by chance. 

If, for example, in a given F 2 population where segregation in the 
proportions of AB, Ke He Ke is expected, there 

actually occur 456 AB, 155 A 6, 141 aB, and 48 a5, the theoretical expecta- 
tion would evidently be 450 AP, 150 Ab, 150 aB, and 50 ab. The 
derivation of x^ for this population and ratio is as follows: 



AB 

Ah 

.. 

aB 

ah 

Actual numbers 

456 

155 

141 

48 

Theoretical expectation on 9 : 3 : 3 : 1 (e) 

450 

150 

150 

50 

Deviation from expectation {d) 

6 

5 

9 

* ' 2 

d^. 

36 

25 1 

81 

4 

d^/e 

.080 

.166 

.540 

.080 



Total (sum of d^/e) == .866 = x^ 


Consultation of Table VI shows that in a population of four classes 
a value for x^ of .866 means that P will have a value of between .80 and 
.90, or in other words that in from 80 to 90 per cent of similar cases as 
great or a greater deviation from a 9:3:3 :1 ratio would be found, and 
that the present population therefore fits that ratio very well. If x^ bad 
exceeded 7.81, we should expect as poor a fit in only 5 per cent of similar 
cases, and when the probability is as low as this, we ordinarily regard 
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the fit as too poor to be explained by chance alone and suspect some other 
factor to be responsible. 

It will be noted that in Table VI the value of N', designating the 
“degree of freedom,” is always one less than the number of segregating 
classes. This is due to the fact that in calculations of this sort, where a 
series of classes are involved, the size of the final class cannot be a matter 
of chance, since it must include everything that is left over. Its size is 
thus already fixed, and it is not ''free^’ to vary as the others are. In 
cases like the present one (and most genetic problems) the number of 
classes is always one more than the degrees of freedom, but in other 
biometrical problems there may be a greater difference, and the table is 
therefore more generally useful if the degrees of freedom rather than the 
class numbers are stated. 

The method. can, of course, be used to measure goodness of fit where 
there are only two classes, instead of the method of the standard error of 
the ratio as previously described. It may be employed in all sorts of 
modified ratios and is of much value in determining which ratio a given 
segregating population fits best; for this is the one which will give the 
smallest value of and thus the largest value for P, when the ratio of 
the actual population is compared with it. 

Later Modifications of MendePs Laws. — The dramatic rediscovery of 
MendeFs work in 1900 and the recognition of its great importance for 
an understanding of heredity led immediately to an eager study of 
other animals and plants by many investigators in an endeavor to 
determine how wide was the application of these generalizations. The 
number of students of genetics has since increased steadily from year to 
year, and this field of investigation is now one of the most active in all 
biology. Hundreds of species have been studied and thousands of breed- 
ing experiments performed. As a result there is now a great mass of 
facts with regard to the manner of inheritance of all sorts of traits in 
plants and animals and in man himself, and we are now in a far better 
position to formulate laws of inheritance than was Mendel. Perhaps the 
most striking result of all this activity has been to establish the essential 
soundness of MendeFs major conclusions. Many modifications and 
amplifications in matters of detail have been made, however, and at least 
one new major principle has been discovered. These matters will be 
discussed in later chapters but should be briefly mentioned here. 

Vaxiability of Factor Expression. — It has been noted that Mendel 
did not distinguish clearly between the visible character and the funda- 
mental factor which produced it. Many cases have been observed, 
however, in which individuals of exactly the same factorial constitution 
may differ greatly in their appearance if they have developed under differ- 
ent environments. Examples of such variations due solely to the 
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environment were present in a previous chapter. The principles of 
Mendel, therefore, are applied today to the factors which form the 
genetic constitution of the individual rather than to the characters or 
traits which are their visible expressions. 

All the characters which Mendel studied showed complete dominance, 
but many instances have since been found in which dominance is only 
partial or is absent, factors in a heterozygous condition expressing 
themselves differently from homozygous recessives or dominants. 

Still more important are the many instances now known in which 
various factors interact upon one another in such a way that the charac- 
ters produced are markedly affected. The classic example of this is 
the comb form of poultry. If the factor for “rose” comb and that 
for “pea” comb are united in a cross, the resulting offspring have combs 
which are neither rose nor pea but an entirely different type, “walnut.” 
In the same way the kernel color of corn may be affected by a whole 
series of factors, each of which has some influence upon the others. 
IVhether these mutual effects are due to fairly simple chemical phenomena 
or are more complex in their causes is not known. 

Geneticists today have abandoned the earlier idea that a single factor 
determines but a single character of the individual, for in many instances 
a factor which is known from breeding tests to be a single unit is found 
to affect many different characters. Furthermore, although the essential 
unity and separateness of genetic factors in inheritance have been fully 
established, the conception that in development each produces its effects 
more or less independently of all the rest has given place to the idea 
that each factor, although a specific and differentiating unit, operates 
against the background of the entire genetic complex of the individual. 

The Linkage of Factors. — Perhaps the most important modification 
of mendelism and one which should rank with Segregation and Inde- 
pendent Assortment as a third major law of inheritance is the principle 
of Linkage between factors. As previously mentioned, Mendel noted 
the independence which different factor pairs displayed in inheritance. 
As long as only a few characters in a given species .were studied, this 
principle was found to be universally valid, but early in the course of 
Mendelian investigations cases began to be reported where two or more 
characters, introduced into a cross together, tended to stay together or 
to remain “linked” in their passage from generation to generation, 
rather than to show that independence of assortment assumed bv 
Mendel. These were at first regarded as exceptional instances, and 
various hypotheses were put forward to account for their occurrence. 
It was not until the researches of Morgan and his associates on Drosophila 
began that a logical explanation for the whole matter was obtained. 
They noted that in this species there are four groups of factor pairs 
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within each of which the factors tended to >stay together or remain 
“linked'' in inheritance. Characters belonging to different groups 
showed typical Mendelian independence of assortment. It was then 
observed that in the nuclei of the cells of Drosophila there are four pairs 
of chromosomeSj and the idea was developed that the chromosomes are 
the actual physical seat of the genetic factors. The number of these 
bodies determines the number of groups of factors, and all factors within 
a given chromosome tend to be linked in inheritance. Furthermore, 
Morgan and his coworkers were able to ascertain with approximate 
accuracy the point on the chromosome which a given factor occupies 
and in this way have made a significant contribution to a knowledge of 
the structure of chromosomes and of living substance in general. The 
evidence on which these conclusions are based is somewhat involved and 
will be discussed in detail later. It is being gathered from many animals 
and plants besides Drosophila and has now firmly established what was 
at first a brilliant hypothesis as one of the important principles of 
inheritance. 

References will be found at the ends of Chaps. Ill and VL 

PROBLEMS 

Note .' — In the summer squash, white fruit (If) is dominant over yellqw {w)] 
and “disk” fruit shape (D) is dominant over “sphere” shape (d). 

89. In a cross between a squash plant homozygous for yellow fruit color and 
disk fruit shape and one homozygous for white fruit color and sphere fruit shape, 
what will be the appearance, as to color and shape of fruit, of the Fi? of the F 2 ? 
of the offspring of a cross of the Fi with the yellow, disk parent? with the white, 
sphere parent? 

90. What are the gametes formed by the following squash plants, the geno- 
types of which for fruit color and shape are given; and what will be the appear- 
ance of the offspring from each cross? 

WW dd X ww DD Ww Dd X Ww dd 

Ww DD X tow dd Ww Dd X ww dd 

Ww Dd X Ww DD Ww Dd X Ww Dd 

Note.—ln the following six questions, all of which deal with fruit color and 
shape in summer squash, the appearance of parents and offspring is stated. 
Determine in each case the genotypes of the parents. 

91. White, disk crossed with yellow, sphere gives one-half white, disk and 
one-half white, sphere. 

92. White, sphere crossed with white, sphere gives tliree-fourths white, 
sphere and one-fourth yellow, sphere. 

93. White, disk crossed with yellow, sphere gives one-fourth white, disk; 
one-fourth white, sphere; one-fourth yellow, disk; and one-fourth yellow sphere. 
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94. White, disk crossed \vit!i white, sphere gives three-eighths white, disk; 
three-eighths white, sphere; one-eighth yellow, disk; and one-eighth yellow, 

sphere. ^ 

95. Yellow, disk crossed vith white, sphere gives all white, disks. 

96. White, disk crossed with, white, disk gives 28 white, disk plants; 9 white, 
sphere plants; 10 yellow, disk plants; and 3 yellow, sphere plants. 

97. cross between a plant mth white, disk fruits and one with yellow, 
sphere fruits gives 25 plants mth white, disk fruits; 26 with white, sphere; 24 with 
yellow, disk; and 25 .with yellow, sphere. If the white, disk parent is self-fer- 
tilized, what proportion of its offspring will have yellow, sphere fruits? 

.¥ote.— In guinea pigs, rough coat (R) is dominant over smooth coat (r); 
and black coat (B) is dominant over white (b). 

98. Cross a homozygous rough, black animal with a smooth, white one. 
What will be the appearance of the Fi? of the F 2 ? of the offspring of a cross of the 
Fi back vith the rough, black parent? with the smooth, white one? 

99. In the F 2 generation in the preceding question, what proportion of the 
rough, black individuals may be expected to be homozygous for both characters? 

100. rough, black guinea pig bred with a rough, white one gives 28 rough, 
black; 31 rough, white; 11 smooth, black; and 9 smooth, white. What are the 
genotypes of the parents? 

101. Two rough, black guinea pigs when bred together have two offspring, 
one of them rough, white and the other smooth, black. If these same parents 
were to be bred together further, what offspring would you expect from them? 

Note. In Jimson weeds, purple flower color (P) is dominant over white (p); 
and spiny pods (S) over smooth (s). 

102. A purple, smooth Jimson weed plant crossed with a white, spiny one 
gives 320 purple, spiny and 312 purple, smooth. If these two types of offspring 
are'bred together, what will their offspring be like, both as to appearance and as to 
genotypes? 

103. Make the two following crosses in Jimson weeds; (1) homozygous purple, 
spiny with white, smooth; and (2) homozygous purple, smooth with white, 
smooth. Cross the Fi of cross 1 with the Fi of cross 2. What will be the appear- 
ance of theh offspring? 

Note.— In poultry, feathered legs (F) are dominant over clean legs (/) ; and pea 
comb (P) over single comb (p). 

104. Two cocks A and B are bred to two hens C and D. Ail four birds are 
feathered-legged and pea-combed. Cock A with both hens produces offspring 
which are all feathered and pea. Cock B with hen G produces both feathered 
and clean but all pea-combed; but with hen D produces all feathered but part 
pea-combed and part single. What are the genotypes of these four birds? 

105. The offspring of a feathered-legged, pea-combed cock bred to a clean- 
legged, pea-combed hen are all feathered-legged. Most of them are pea-combed, 
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but some singles appear among them. What are the genotypes of the parents? 
What would be the offspring expected from a cross of this hen with one of her 
feathered-legged, single-combed male offspring? 

106. In swine, white coat is dominant over black and the ^‘mule-footed’’ con- 
dition over that with normal feet. A white, mule-footed boar. A, alwh,ys produces 
white, mule-footed offspring, no matter to what sow he is bred. Another boar B, 
however, also white and mule-footed, when bred to black sows produces about 
half white and half black offspring; and when bred to normal-footed sows, about 
half mule-footed and half normal offspring. Explain tliis difference between 
these two animals by comparing their genotypes for these two traits. 

Note . — In man assume that brown eyes {B) are dominant over blue {h); and 
right-handedness (i?) over left-handedness (r). 

107i A right-handed, blue-eyed man whose father was left-handed marries a 
left-handed, brown-eyed woman from a family in which all the members have 
been brown-eyed for several generations. What offspring may be expected from 
this marriage as to the two traits mentioned? 

108. A brown-eyed, right-handed man marries a blue-eyed, right-handed 
woman. Their first child is blue-eyed and left-handed. If other children are 
born to this couple, what will probably be their appearance as to these two traits? 

109. A right-handed, blue-eyed man marries a right-handed, brown-eyed 
woman. They have two children, one left-handed and brown-eyed and the 
other right-handed and blue-eyed. By a later marriage with another woman 
who is also right-handed and brown-eyed, this man has nine children, all of whom 
are right-handed and brown-eyed. What are the genotypes of this man and his 
two wives? 

Note . — In cattle the polled condition (P) is dominant over the horned (pj; 
and in Shorthorns the heterozygous condition of red coat (P) and white coat (r) 
is roan. 

110. If a homozygous polled, white animal is bred to a horned, red one, 
what will be the appearance of the Fi? of the F 2 ? of the offspring of a cross of the 
Fi with the polled, white parent? with the horned, red parent? 

111. A polled, roan bull bred to a horned, white cow produces a horned, roan 
daughter. If this daughter is bred to her father, what offspring may be expected 
as to horns and coat color? 

Note.— In snapdragons red flower color (P) is incompletely dominant over 
white (r), the heterozygous condition being pinh; and normal broad leaves (P) 
are incompletely dominant over narrow, grasslike ones ( 6 ), the heterozygous 
condition being intermediate in leaf breadth. 

112. If a red-flowered, broad-leaved plant is crossed with a white-flowered, 
narrow-leaved one, what will be the appearance of the F 3 and the F 2 ? 

Note . — In garden peas, tall vine (T) is dominant over dwarf {t ) ; green pods 
(0) over yellow {g)] and round seed (P) oyer wrinkled seed if). 
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113. If a liomozygous dwarf, green, wrinkled pea plant is crossed with a 
lioiiiozygoiis tall, yellow, round one, what will be the ap])earance of the Fi? 
What gametes does the Fi form? What is the appearance of the Fo? What is 
the appearance of the olt spring of a cross of the Fi with its dwarf, green, wrinkled 

parent? with its tall, yellow, round parent? 

114. What will be the appearance of the offspring of the following crosses, in 

which the genotypes of the parents are given? 

TT Gg Rr X tt Gg rr tt gg Rr X Tt Gg rr 

Tt GG Rr X Tt Gg Rr Tt Gg rr X tt Gg Rr 

Note. — In the following four questions, aU of which concern garden peas, 
find the genotypes of the parents as to vine height, pod color, and seed shape: 

115. A tall, yellow, round plant crossed with a dwarf, green, round one 
produces offspring three-eighths of which are tall, green, and round; three-eighths 
dwarf, green, and round; one-eighth tall, green, and wrinkled; and one-eighth 
dwarf, green, and wrinkled. 

116. A tall, green, wrinkled plant crossed with a dwarf, green, round one 
produces offspring three-fourths of which are tall, green, and round and one-fourth 
of which are tali, yellow, and round. 

117. A tall, green, round plant crossed with a tall, yellow, round one produces 
26 tall, green, round offspring; 10 tall, green, wrinkled; 9 dwarf, green, round; 
and 3 dwarf, green, wrinkled. 

118. A tall, yellow, round plant crossed with a dwarf, green, round one 
produces 58 tall, green, round offspring; 61 tall, yellow, round ones; 62 dwarf, 
green, round ones; 59 dwarf, yellow, round ones; 19 tall, green, wrinkled ones; 
20 tall, yellow, wrinkled ones; 21 dwarf, green, wrinkled ones; and 20 dwarf, 
yellow, wrinkled ones. 

119. In tomatoes, red fruit is dominant over yellow, two-loculed fruit over 
many-Ioculed, and tall vine over dwarf. A breeder has pure races of red, two- 
loculed, dwarf plants and of yellow, many-loculed, taU ones. He wants a race 
of red, many-loculed, tali plants. If he crosses his two races and raises an Fi 
and an F 2 , what proportion of this F 2 will be, in appearance, the type he desires? 
What proportion of these will be homozygous for all three characters? How can 
he determine which are the homozygous plants? 

120. In. poultry, the white plumage of Leghorns is dominant over colored 
plumage, feathered shanks over clean, and pea comb over single. If a homozy- 
gous white, feathered, pea bird is crossed with a colored, clean, single one, what 
proportion of the white, feathered, pea birds in the Fg from this cross will prove 
to be homozygous if mated to colored, clean, single birds? 

121. In snapdragons normal flowers are dominant over peloric ones and tall- 
ness over dwarfness. Red flower color is incompletely dominant over white, the 
heterozygous condition being pink. If a homozygous red, tall, normal-flowered 
plant is crossed with a homozygous, white, dwarf, peloric-flowered one, what pro- 
portion of the Fg will resemble the Fi in appearance? 
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122. If one individual is homozygous for four dominant factors and another 
for their four recessive alleles, and if these two individuals are crossed, what 
proportion of the F 2 from this cross will resemble each parent, respectively, in 
appearance? 

123. By finding the values of and P, determine how closely each of the 
four following F 2 populations fits a 9:3:3: 1 ratio. Which are to be regarded as 
examples of this ratio and which are not? 


AB 

Ah 
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124. Determine the goodness of fit of the following F 2 population to a 3:1 
ratio, using both the standard error and the methods. Which do you think is 
the more satisfactory method to use in such a case and why? 

A a 

■ 1, 182 418 


CHAPTER V 

THE EXPRESSION AND INTERACTION OF FACTORS 

Mendel’s great contribution to genetics was the idea that the organism 
develops under the influence of an aggregation of separable units which 
segregate and recombine in the gametes according to certain definite 
laws. The laws which Mendel himself framed, however, and which 
have been discussed in the preceding chapter, were based on the study of 
a few simple cases of inherita,nce, and in presenting them the nllpter and 
the method of inheritance have been reduced to the simplest possible 
terms. Later research soon discovered that the phenomena of heredity 
and variation were by no means so simple as these particular examples 
and that the principles which Mendel established, while fundamental to 
all inheritance, are not alone sufficient to explain all the detailed facts. 

The conception of the individual as a group of unit factors, each 
producing a single invariable character and each entirely independent 
of the others, is far too simple, for experience has shown that the same 
•factor often produces a variety of effects on many characters under 
different external or internal conditions. Each “character” is more 
complex than Mendel imagined it; and many factors, although inherited 
as independent units, are far from independent in their expression, but 
often interact upon one another in producing the actual bodily traits. 
Some of the ways in which the genes influence the characters of the 
organism will be discussed in more detail in Chapter XVI, which deals 
with genetics and development. Here we shall list some of the com- 
plexities which result from the interaction of factors, particularly as these 
affect the visible results of segregation and independent assortment. 

Dominance. — One influence in determining to what degree a given 
factor shall express itself seems to inhere in its relation to the other 
member of the allelic pair of which it forms a part. In cases of apparently 
complete dominance one factor seems to have as great an effect as two, 
while in cases of incomplete dominance the two members of the pair ,seem 
to have equal effects and produce a blended of intermediate condition, 
as in the Apdalusian fowl and many similar cases. However, no sharp 
distinction between complete or incomplete dominance is possible, since 
careful examination often discloses some effect of the apparently recessive 
condition. The dominance of round oyer wrinkled in peas seems to b^' 
complete, yet microscopic examination shqws that the starch grain.s of 
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the hybrid are intermediate in several respects between those of the 
parent types. Many cases are known in which factors have a dominant 
effect on one set of characters but a recessive effect on others. In some 
cases each member of a pair of factors produces its own effect independ- 
ently, and the heterozygote is thus neither a blend nor an intermediate 
■but 'a' mosaic. 

The accumulated evidence of genetics shows that there are all degrees 
of dominance and that there is no general rule or law. It is obvious now 
that dominance is not a simple matter but that it is affected by various 
external influences and by the age, sex, and other internal conditions of 
the individual as well as by other genetic factors. 

Influence of External Conditions . — In the Jimson weed (Datura) 
purple |tem color is completely dominant over green, if the heterozygous 
plants grown out of doors in the summer. In the greenhouse in 
winter the heterozygotes are distinguishable from the homozygous purple 
plants by the paler color. The hybrids between a red- and an ivory- 
flowered snapdragon may be red if grown in bright light and at a low 
temperature; ivory, if kept in a shaded, warm place; or intermediate 
in color, under intermediate conditions. 

Influence of Internal Conditions . — Some factors appear to be dominant 
in one sex but recessive in the other. In some breeds of sheep, males 
with a single gene for the hornless condition (heterozygotes) are horned, 
while females of the same genetic constitution are hornless. The horned 
condition behaves as dominant in males and recessive in females. Bald- 
ness in man is said to be inherited in a similar fashion. 

Occasionally a factor may appear to have a recessive effect in young 
heterozygotes but a dominant one at some later stage. The difference 
between left (sinistral) and right (dextral) coiling in snails appears to 
depend chiefly on a single pair of genes. The heterozygote may be 
either dextral or sinistral depending on the character of the mother for 
this trait, since the direction, of coiling is maternally determined. Such 
heterozygotes, however, produce only dextral offspring, thus proving 
that the dextral condition is dominant although the dominant effect has 
here been delayed for a whole generation. 

Of greater importance and more general occurrence are tiie effects 
of other genetic factors upon dominance. Thus the factor for forked 
bristles in Drosophila ordinarily behaves as a recessive but in the presence 
of one other independent factor may act as a partial dominant. The 
short-tailed mutation behaves as a dominant in most strains of the 
European house mouse but as nearly a complete recessive when intro- 
duced into the Asiatic house mouse. So many cases of this sort have been 
described that it may be said that the degree of dominance depends 
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g’eiieraiiy on the whole genetic constitution of the animal and on the 
conditions of its development and is not a property of single factor 
pairs. Dominance appears thus to be a question of development and 
will be so discussed later. 

Factor Interaction. — It is a general rule that single factors do not 
produce their effects alone but in cooperation with the other factors 
of the organism. There are many clear cases in which factors belonging 
to different pairs, although inherited independently, act together in 
producing a given character, which thus appears to depend not on one 
factor but on an interaction between two or more of these. 

Combs in Fowls. — The first case of this kind was discovered a number 

of years ago by Bateson and Punnett, during the course of experiments on 

the inheritance of comb form in fowls. Each of the common varieties of 
poultry possess a characteristic type of comb. The Wyandotte breed, 
among others, has a low, regular, papillate comb known as the ^^rose^^ 
comb; Brahmas and some of the varieties of game fowls have a nar- 
rower, higher, three-ridged comb known as the “pea^^ comb; while 
Leghorns and breeds of similar origin have single ’’ combs, consisting of 
a single upright blade. Each of these types can be br^ true 
(Fig. 29 ). Crosses made expenmenfany between rose-combed and 
single-combed varieties showed that rose was dominant.,, over single and 
that there was a clear segregation intoTtEree-fourths rose and one-fourth 
single in the F2. In crosses between pea-combed and single-combed 
birds, pea , comb, was , also found to be dommaiiF^^^^ and a simple 

3 : 1 ratio appeared in the F2. A new and interesting. result, however,, was 

obtained w^hen rose was crossed, for the Fi birds showed a new 

comb form different from either the rose or the pea. This was known 
as ^Dvalnut” comb from its resemblance to half of a walnut meat and 
had previously been noted as characteristic of the Malay breeds of fowls, 
a race unrelated to the types from which the new walnut comb was 
obtained. When the Fi w^alnut-conibed birds w''ere bred together, a still 
more remarkable result was manifest, for m the F2 generation there 
ppeared not only walnut-, rose-, and pea-combed fowls but single- 
ones as well. After large numbers of F2 birds had been bred and 
classified, it was found that these types occurred in the following pro- 
: walnut, I'ose, pea, Ke single, 

was recognized as the ratio tq^be expected in F2 from a cross 
differing in factors.^ The doubly dominant, class, in F2 
was apparently walnut, wLile the numbers of gngles obtained indicated 
ype contained both of the recessiye;\;factpr§ involved, a con- 
supported by the fact that the F2 jingles when bred together 
proauced only single-combed progeny in subsequent generations. The 
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follomng explanation of these results was offered: The walnut comb 
depends on the presence of too dominant factors, R and P . One of these 




rr PP 


Pi 


F, 



Walnut 
Rr Pp 



Fig. 29. — Diagram showing interaction of factors for comb form in fowls. The cross 
of a pure rose-comb bird with a pure pea-comb one gives all walnut-combed offspring. 
The 16 possible combinations of the Fi gametes, with their genotypes and the phenotypes 
resulting from factor interaction, are shown in the Fa checkerboard. 

fa£tors^aIoiie (iJ) produces the.,r.03e..„co.mb; the other alone (P) produces 
the pea comb. The combination of the recessive alleles of these factors 



THE EXPRESSION AND INTERACTION OF FACTORS 


89 





produces the single type of comb These assumptions are illustrated 
in the diagram in Fig. 29d 

The similarity between the Fg results in this diagram and the common 
two-factor case explained on page 65 will be readily noticed. The mode 
of inheritance of the factors for rose and pea does not differ at all from 
the usual Mendelian scheme, for they display complete independence 
of assortment. The differences which distinguish this and similar cases 
from ordinary dihybrid inheritance are that (1> the Fi resembx^ neither 
parent and (2) two new types appear in F 2 . One of these new characters 
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Bower Color » 

;X i itSiApei (Loftr- »*'■"'“)■ Ttie plPPt 0 ™'- i" ■> “"•‘Ix'; 

S W-teeXg varieties, aU deeconded from the "'W !»■■ »' 

v"to be expected, and that crosses belweeh white varieties usually 
urtdlrwhLaoiered progeny. In one instance, however, whe e 
fwo pine white varieties were crossed, there resdted quite unexpectedly 
rwSi offspring at all but only cofa-ci-dI»crd plante. The flower, oi 
hei F. hybrids were very similff In color to the wild Sicilian ancestor 
ol“e cnltLted sweet pea. When such purple-flowered F. plants were 
self-fertilized, they produced an F 2 generation consisting of about nine-six- 
teenths purple-flowered plants and seven-sixteenths white-flowered ones. 
a\n‘the F 2 white individuals bred true when self-fertilized. The purp es, 
however, were evidently of several different types, for a few bred true; 

others produced colored- and white-flowered plants in the proportion of 

three-fourths colored to one-fourth white; while still others produced 
offspring of which about nine-sixteenths were colored and seven-sixteenths 

This result, like the inheritance of comb shape, may also be explained 
' by segregation of two independent factor pairs, but the type of interaction 
between them is somewhat different, for no new traits a,ppear in the Fx or 
F 2 . The fact that purple flower color occurs in nine-sixteenths of the F . 
plants suggests that it appears only when two independent dominant 
factors are present together and that it results from some sort of inter- 
action between thepi,. White flower color may thus evidently be due to 
the absence of either or both of these factory. Denoting one of the factors 
by C (color) and the other by P (purple),' it may be assumed that one 
white parent was of the genotype CC pp while the other lyas cc PP. 
Neither the color factor alone nor the purple factor alone is, by this 
assumption, able to cause the production of color in the flowers. The 
cross between two such white types produces the heterozygote Cc Pp, 
which bears colored flowers, since it contains both the factors for color 
and purple. When this hyirid forms its gametes, the factors C and P 
segregate independently, and the gametes formeji m^ 

Cp, cP, and cp. The combinations between thSe typesof gametes and 
the resulting flower colors of the F 2 plants are shown in Fig. 30. 

The ratio here is obviously the normal 9:3;3:1 expected in F 2 when 
the parents differ in two factors, but with the last three terms added 
together (9:7). The peculiarity of this ratio arises from the fact that all 


THE EXPRESSION AND INTERACTION OF FACTORS 91 

plants which lack either factor are white, regardless of the condition 
as to the other factor. Thus three F2 plants are white because they lack 
the color factor; three are w^hite because they lack the purple factor; 
while one white lacks both of these. 

A study of the geiiot37-pes of the plants with colored flowers also 
explains why they breed so differently in later generations. One of them 
(with the genotype CC PP) breeds true to purple. Four (with the geno- 
types Cc PP or CC Pp) produce about three-fourths purple and one-fourth 

P» Wh.f? White 

CCpp ccPP 

ijt ' Purple 

Cc Pp 



white offspring when inbred, since they are homozygous for one of the 
factors. Four others (with the genotype CcPp) produce nine-sixteenths 
purple and seven-sixteenths white, just as did the Fi. Such factors as 
C and P, which are siinilar in their individual effect but are both necessary 
to the production of another and different character, are, called com- 
plementary factors. In the sweet pea, again, the conaplications are due 
not to any change in the principles of inheritance but to (1) the depend- ]’ 
ence of one factor on another and (2) the expression of two different j 
factors in the same part. 
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The interaction of two factors such as C and P to produce a character 
different from that which results from either one alone may be made 
dearer by a simple chemical comparison. When a colorless solution 
of an alkali (such as potassium hydroxide) and a colorless solution of an 
“indicator’' (such as phenolphthalein) are brought together, a light-red 
color appears. Here the chemical interaction of two colorless substances 
results in the production of color. The alkali may be compared to the 
material, whatever it is, rvhich is furnished by the factor C; and the 
indicator, to that furnished by the factor P. 

This illustration may be more than a mere analogy, for Blakeslee 
has found that in the yellow daisy, Rudheckia hirta, the cross of two yellow- 
coned races produces a purple-coned Fi and the ratio of Me purple-coned 
to ‘ 1 6 yellow-coned in F 2 . When placed in dilute alkali, the cones of one 
of the parental yellow races turn reddish; those of the other race, blackish. 
The yellow-coned types in F 2 , although identical in appearance, could be 
similarly differentiated by treatment with alkali into three-sixteenths of 
one type and four-sixteenths of the other. Evidently yellow results 
from chemically different processes in the two types; the combination 
of the two carries the reaction to a further stage (purple) than is possible 
with either factor alone, and this reaction may be simulated by the 
addition of alkali instead of the addition of another factor. 

In sweet peas and several other plants it is now known that two white 
races w'hich on crossing give colored progeny each contain a different 
necessary component 'of the anthocyanin pigment. The combination 
of these components gives color, whether they be combined by crossing or 
as extracts in vitro. It is thus reasonable to suppose that in sweet peas 
the factor C leads to one of these components and P the other. The 
identification of a chemical substance with an immediate effect of a 
genetic factor has been made in a few cases. 

Reversion. — The method of inheritance of flower color in sweet peas 
suggests an explanation for the numerous instances among domesticated 
animals and plants in which crosses between true-breeding varieties 
produce progeny resembling a remote ancestor more than they do either 
parent, . Plant and animal breeders have noted these peculiar “throw- 
backs” or “reversions” for many years, but in the absence of any satis- 
factory explanation they have regarded reversion as the expression of 
some mysteiiaus... force which caused the retention and subsequent 
reappearance of a remote ancestral trait. It is now known that such 
reversion may be e xplai ne.di.n.Je,rin3,qf ordinary Mendelian inheritance, 

, for the reappearance of an old trait is usually due to the reunion of the 
two or more factors, necessary for its production, which had become 
separated in the history of the. plant or animal. Thus, in the sweet pea, 
it is plain from the experiment cited above that purple flower color 
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depends on at least two factors and that white flower color results when 
either is changed. It is easy to imagine that one white variety arose when 
in the purple type a mutation occurred from C toe; while the second white 
variety arose when P changed to p. Thus the two elements necessary 
for purple color became separated into two different strains. When 
these strains were crossed, the two complementary factors were reunited, 
and the primitive or “reversionary” flower color appeared. 

Coat Color in Rodents (the 9:3:4 Ratio).— A similar but more com- 
plex case of factor interaction and reversion has been worked out in 
breeding experiments with “fancy” varieties of the common house 
mouse, where not only two but a number of factors have been found to 
interact in producing what appears to be a simple character. The 
ancestral or original coat color of this species is seen in the grayish-brown 
or grizzled pattern of our ordinary wild mice. When closely examined, 
this is found to be due to the presence of two pigments in the fur. The 
individual hairs are for the most part black with a narrow yellow band 
near the tip. The underside of the animal is usually much lighter, the 
hairs being cream or yellow, with some black or gray at the base. This 
inconspicuous and hence protective coloration, which is known as the 
“agouti” pattern, characterizes nearly all of the mid rodents, such as 
the Norway rat, the wild rabbit, the guinea pig, the gray squirrel, and 
many others. 

A number of variations which have taken place in this wild gray or 
agouti coat coloration have been preserved under domestication and 
have given rise to the many color varieties of mice known to fanciers. 
The commonest and most familiar variation is the albino, in which the 
coat is white and the eyes are pink or blood color because of the entire 
absence of pigment from the iris. Albinos always breed true, and this 
variation has been found to behave as a simple recessive to any color. 
Another variation in coat color probably arose through the disappearance 
of all yellow pigment from the agouti pattern, leaving the fur solid black. 
Black is recessive to the wild gray type and breeds true, _ When black 
mice are crossed with ordinary albinos, the progeny are usually all agouti 
like the wild type. When these Fi agOTtis are inbred, their progeny 
consist, on the average, of nine-sixteenths agouti animals, three-sLxteeiiths 
black, and four-sixteenths albino (Fig. 31)7 This, like the 9,: 7 ratio 
encountered in sweet peas, apparently indicates a difference of two factors 
in the parents. Here, however, the l ast two te rms of the ordinary 
^ added together, mdi^ting'that two of the 

ordinariljr different classes of the dihybrid Fa zygotes cannot be dis- 
tinguished. The results are explained on the assumption that the ' 
parents differ in (1) a factor, C, necessary for the development of any j 
color, which the black mice contain but which is lacking in the albino.s; 
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and in (2) a factor for the agouti pattern, A, which results in a banding 
of the black hairs with yellow. Since the black mice cannot contain this 
factor A (or they would appear agouti), it must have come from the 
albino parent, where, in the absence of the ability to develop any color 
at all, it could have no visible expression. The recombination of these 
two factors, one for color and the other for the agouti pattern, reconsti- 
tutes the genotype of the wild mouse, and a “reversionary” type results. 

p, Black 

CC aa 

Agoufi 
CiAa 


CA Co cA eg 
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^ Cc 

AgoufiO^ 
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^ Cc AA^ 
Agouli 

H 

cc AA 
Albino 

cc Aa 

Albino 

Cc Aa XN 

^wCeoagH 

cc Aq 
Albino 

cc aa 

Albino 


Fi(i. 31. — The 9:3:4 ratio. Checkerboard showing the ejjipected composition of the 
Fa from a cross of black and albino mice which produce all agouti animals (wild type) in 
.Fk 

This case is, therefore, similar to that of flower color in sweet peas 
in that (1) two independently inherited factors both affecting the same 
part (in this case coat color) interact to produce a single character; and 
(2) this interaction produces reversion in the Fi generation, followed by 
the reappearance in the Fs of both of the parental colors as well as the 
reversionary type. It differs somewhat from the previous case, for in 
.sweet peas tJiree of the Fj genotypic classes have the same appearance, 
producing a 9:7 ratio, whereas in mice only two of the F 2 genotypic 
classes are indistinguishable, thus producing a 9:3:4 ratio. 

Epistasis. — One of the first complications which was encountered in 
the discussion of unit inheritance was the fact of . dominance, by which 
the presence of one factor of aj)air was obscured or hidden.. It some- 


Albino 
CC AA 
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times happens that when two different factors, which are not alleles 
both affect the same part or trait of the organism, the expression of 
one factor covers up or hides the expression of the other. A factor 
which thus masks or prevents the expression of another is said to be 
cpistaticiG it, and the factor which is hidden is said to be hypostatic 
This masking effect is known as epistasis and is similar to dominance 
except that it occurs between different factors instead of being the 
two members of an allelic pair. 

In Squashes (the 12:3:1 Ratio). — In summer squashes there are three 
common fruit colors, white, yellow, and green. In cro,sses between 
white and yellow and between white and green, white is always found 
to be dominant; and in crosses between yellow and green yellow is 
always found to be dominant. Yellow thus acts as a recessive in relation 
to white but as a dominant in relation to green. There is evidently a 
factor for white, W, which is epistatic to those for yellow and green- 
and so long as it is present, no color is produced in the fruit, reo-ardless 
of whether or not factors for color are present. Where this factor 
for white is lacking, however (in plants which are ww), the fruit color 
iviU be yellow if the factor for yellow, F, is present and green if itis 
absent. Green-fruited plants may thus be represented by the double 
recessive genotype ww yy; yellow-fruited plants hj ww YY and white- 
fruited ones either by WW FF or by WW yy. ’ 

The truth of this assumption that there are two independent factor 
pairs, one epistatic over the other, may be tested by crossing a homo- 
zygous white from a race which is known to carry yellow WW YY with 
a green, ww yy. Here the F, plants, Ww Yy, are white-fruited Thev 
.should produce four types of gametes, WY, Wy, wY, and wy, and the 
F 2 expected from a cross between two such Fi plants is indicated in 

rig.,oz&. 

^ Three-fourths of the plants in this generation will evidently 
W and will thus appear white-fruited no matter what the rest of 
pnotype may be. Of the one-fourth^hich have no factor for white 
however, three-fourths, or three-sixteenths of the whole, will carry yellow 
and thus appear yellow; and one-fourth, or one-sixteenth of the ' 
will not, and will thus appear green. The occurrence of white 
and ppn in the in approximately the ratio expected on the assump- 
tion 02.3. 1) IS acpally realized in breeding experiments. The essential 
act here p thp the white factor masks everything which is hypostatic 
to It, so that the factor for yellow, which segregates quite independently 

of white, produces a yisible effect only in that fraction of the F 2 which 

lacks the white factor. ' 

In Poultry ^he 13 Ratio).— h has already been noted that the white 
plumage of White Leghorn fowls is almost completely dominant over the 
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colored plumage of black, barred, or other colored varieties. The white 
plumage of some other white varieties, however, such as White Wyan- 
dottes or White Plymouth Rocks, has been found to be recessive to 
colored pkunage and to be due to a factor distinct from that which 
produces the white of Leghorns. Experiment shows that White Leghorns- 
contain a color factor and with it a factor which inhibits its expression.- 
They are genetically colored birds which are unable to develop their true- 
color. Denoting such an inhibiting factor by I and the color factor by' 
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wvw 


Whik 
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Fk}. 32. — The 12:3:1 ratio. Checkerboard showing the expected composition of 
the irhom a cross of a white-fruited squash plant which carries yellow, with a green- 
fruited one. 


C , the White Leghorn is II CC and the White Wyandotte is ii cc. A test 
of this hypothesis by crossing White Leghorns with White Wyandottes 
produces a curious result. The Fi chickens from such a cross are white 
with small, dark flecks and resemble the Fi birds produced by crossing 
White Leghorns with colored fowls. When these Fi whites are bred 
together, however, white and colored chicks appear in F 2 in the proportion 
of about white (or white with small, dark flecks) to colored. 
Although this ratio is not like that of any of the other two-factor ratios 
which have been discussed (9:3:3:1, 9:7, 9:3:4, and 12:3:1), it may be 
explained in the same way as these with the additional assumption that 
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the inhibiting factor I is epistatic to or hides the segregation of the color 

factor C. 

On the assumption made, the Fi fowls from the cross of dominant 
white by recessive white should be of the genotype li Cc and should form 
gametes IC, Ic, iC, and ic in equal numbers. When Fi fowls are bred 
together, these gametes should recombine at random, producing the 
geiiot3^pes shown in’ Fig. 33. 

p, White (Leghorn) White (Wi^andotte) 

II CC li cc 

White 
li Cc 

1 C k IC_ __ ___ Lc 


Fig. 33,— The 13:3 ratio. Checkerboard showing the expected composition of the F 2 
from a cross of a variety with dominant white plumage and one with recessive white 
plumage, in fowls. 

In determining the appearance of these F 2 chickens, it should be 
remembered that, wherever I is present, pigment development is inhib- 
ited, so that fowls which inherit I are white, whatever other factors they 
may receive. There are 12 such types among the 16 shown in the 
F 2 checkerboard. The segregation of the Cc pair, which determines the 
presence or absence of color, can therefore be observed only in those 4 
types, among the 16, which do not receive J. Of these, 3 should receive 
C and be colored (shaded on the checkerboard), and 1 should not receive 
C and should, therefore, be white. In appearance, then, 13 out of every 
16 F 2 chickens should be white and 3 colored; and the actual results 
are in close accord with this expectation. The peculiarity in this case 
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lies in tlie ability of the dominant white factor I to mask the segregation 
of the Cc pair. 

The complications introduced by epistasis are comparable with those 
produced by dominance, that is, two or more genotypes are indistinguish- 
able ill appearance. In cases of epistasis, however, there are always two 
or more factors involved, each of which affects the same part of the 
organism. This same condition occurred in cases of interaction such as 
that observed in comb shape in fowls, but in these latter both factors 
are expressed, producing a new or different condition of the part. In 
epistasis, on the contrary, the competition of two factors for expression in 
one part results in the apparent triumph of one and the suppression of the 
other, so that the original traits are recovered but in modified ratios. 

Analysis of Coat Color in Mice. — A thorough study of the variations 
in a group of related characters in any organism will usually reveal an 
intricate series of interactions between the component factors. As an 
example we shall choose the house mouse, for in this animal a large 
number of spontaneous variations have provided the opportunity for a 
genetic analysis of the factors affecting coat color. Many such factors 
have been studied and their interrelationships made out. C is the funda- 
mental color factor, necessary for the production of any pigment in the 
coat. Another factor, A, or gray, determines the development of the 
agouti pattern. Its recessive allele, a, is present in the nonagouti 
mice, such as blacks or browns. Still another, B, governs the develop- 
ment of black pigment and is dominant over its allelic condition of 
brown or chocolate, 6. Many varieties are spotted with white in a 
blotched or piebald pattern, and such mice contain a factor, a, which 
is recessive to self or solid color, S. Another factor, d, brings about 
a clumping of the black and brown pigment granules in the hairs and 
makes these colors appear faded or dilute, as opposed to the normal 
fully pigmented form, D. Another factor reduces the amount of black 
and brown pigment in the fur, giving it a pale and washed-out appearance, 
and also reduces the pigment in the iris, making the eyes appear reddish 
or pink like the eyes of albinos. This factor, which is called pink eye 
(p) from its most noticeable effect, is recessive to the normal dark-eyed, 
intense-colored condition, P. These factors all segregate sharply and 
may occur in any combination. There are also several other factors 
affecting coat color which will be omitted for the sake of simplicity. 
Some of these combinations result in characters which are distinctive 
and have been given names of their own. Thus the nonblack agoutis 
are called “cinnamon, or brown agouti; the dilute blacks, “blue”; the 
dilute browns, “silver fawn”; and so on. Table VII lists these various 
factor combinations, together vdth the type of coat color produced by 
each. 
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All of these types are recessive to the wild coat and appear to have 
arisen from it by mutation of one or more factors. Thus at any time the 
wild type may be reconstituted by bringing into combination all of the 
alleles of the factors which are responsible for these new types. In 
fad, the wild coat color itself is found to depend on the presence and inter- 


Table \TI. — Interaction' op Factors fob Coat Color in Mice 


Factors 

Gametic 

formula 

Phenotype 
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CABDP8 

Wild-type agouti 
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CABDPs 

Spotted agouti 
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S 

CABDpS 

Pink-ej^ed agouti 


B 
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CABDps 

Pink-eyed, spotted agouti 
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Dilute agouti 
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Spotted, dilute agouti 




P 

8 

CABdpS 
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Cinnamon 
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Dilute cinnamon 
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action of all of the factors named. Thus, in order to produce the agouti 
pattern there must be present the factors for color (C), agouti (J.), 
black (B), dark eye (P), dense color (P), and solid color (S). With 
regard only to these factors the genotype of the wild mouse may be 
written A A' BB CC DD PP SS. These factors ail show essentially com- 
plete dominance, so that their heterozygous condition will give the same 
result as is produced by the homozygous form here given. ^ Thus an 
animal with the genotype AaBhCcDdPpSs would also be agouti in appear- 
ance. The factors named do not include ail that are known, nor is it 
believable that more than a small sample of the factors affecting coat 
color in mice have been studied. Were knowiedge complete, it is prob- 
able that the list of factors necessary for the production of the agouti 
pattern w^ould be much longer and that the letters of the alphabet would 
be exhausted in attempting to wTite the genotype of the wild mouse. 
Here, then, is a clear and convincing example of factor interaction. In 
order that the apparently simple pattern characteristic of wild house 
mice may be developed, there must be present at least six factors (prob- 
ably many more) each of which has a definite effect on coat color. If 
any single factor is missing or changed, a coat pattern differing more or 
less widely from the wild type results. 

This type of factor interaction is not exceptional but is found when- 
ever numerous variations in a single aspect of the organism are carefully 
analyzed. Such analyses have been made for several groups of characters 
in maize. More than a dozen factors affecting the color of the plant are 
known. The normal color is green, which, like the agouti pattern of 
mice, results from the combined action of the alleles of all these factors. 
If one factor is changed, the plant is white instead of green; if another 
changes, the leaves become red or purple in the sun; whereas changes 
in various other factors produce brown, yellow, and various combinations 
of these colors in striped or blotched patterns. In fact, it may be 
accepted as a general rule that the characters of a plant or animal depend 
on multiple and finely balanced interactions between a very large number 
of factors. 

Multiple Meles,“AlI of the cases which we have discussed up 
to this point involve factors which act as alternative conditions in inher- 
itance, forming two members of a single pair of alleles. Many cases 
are now knowm in which occurs in more than tw^o alter- 

native states.. The common pink-eyed white (albino) rabbit (Fig. 
34, bottom) has long been known to act as a simple recessive to the 
colored type (Fig. 34, top). Crosses of colored with albino rabbits 
produce only colored progeny, which, when inbred, produce colored and 
albino young in the ratio of colored to albino. Color, C, and 
albinism, c"’, thus form a pair of alleles. There is another form of 
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albiiiisiii in rabbits known as Himalayan albinism (Fig. 34, center). 
Hiniaiayans have pink eyes and their fur is white except for the feet, 
taily and tip of the nose, which are black or dark brown. When 
these are crossed with fully colored rabbits, the Fi is colored, and in 


Fig. 34. — Three alleles of a gene for coat color in rabbits. Top, colored; center, Himalayan 
albinism; bottom, complete albinism. {From Castle, in Journal of Heredity.) 

the F 2 there are % colored and.M Himalayan. Himalayan albinism, 
and color are therefore alleles. It is interesting to see what happens 
when Himalayan is crossed with albino. If Himalayan and albino 
are due to different factors, each type should carry the allele of the other, 
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and reversion to full color should occur in F j. Actually the cross of 
Himalayan by albino produces all Himalayan in Fi and M Himalayan 
and' ’4 albino in Fa. Reversion does not occur. Other experiments 
.diow that the factor for Himalayan and the factor for albinism are never 
])rcsent in the same gamete; a colored animal may carry either Himalayan 
or albino but never both. It is evident that Himalayan and albino are 
allelic to each other and that both are allelic to color. The members of 
such a system of three or more alternatives are known as multiple alleles. 

IMany such series of alleles are known. In mice there are four 
alleles in the albino series: C, fuU color; c‘=^ dilute color or chinchilla; c^ 
extreme dilution; and c", albino. Black agouti mice with different 
members of this series appear as follows: 


AABBCC.., Black agouti (wild type) 

AABB€(f^OTC(^OTCc^... Black agouti, i,e., the C allele, is dominant to all the 
others, at least in the combinations known 

- Light agouti; base of hairs full black, tips cream 

Chinchilla agouti; base of hairs brownish, tips nearly white 

AABB&^^c^ Chinchilla agouti; as above 

AABBc^d^ Extreme dilute agouti; base of hairs light slate, tips white 

Dusky white; base of hairs dirty white, tips white 

AABBc^c^ White with pink eyes 


Crosses between members with different alleles (except C) are inter- 
mediate in color between the parent types. Thus light agouti by 
extreme dilute produces all chinchillas, of a color about midway between 
those of the parents, showing that the alleles (below C) do not show 
dominance. Such Fi animals bred together produce one-fourth 

light agouti one-half chinchilla (c°V), and one-fourth extreme 

dilute (c^'c^O- There is no reversion in any of the crosses Within this 
series. Members of such a series with unlike alleles, for example, are 
known SbS compounds, to distinguish them from other heterozygotes. 

The absence of dominance is characteristic of most series of multiple 
alleles but is not a constant feature. In mice there are five alleles in 
the so-called agouti series of coat colors as follows: (1) yellow ; 

agouti with light belly* 4, wild type, that is, agouti with gray belly; 
a^, black and tan, that is, black back with light belly; a, nonagouti, 
that is, self black. 

Of this series yellow is dominant to all the other colors; agouti light 
belly is dominant to A, and a; agouti gray belly is almost completely 
dominant to black and tan, the compound Aa^ having an agouti back 
but a lighter belly than the wild type ; A and a* are both dominant to a. 
Thus the compounds A^A^, A^A, A'^a\ and A^a are all yellow. The 
homozygote A^A'^ does not survive to birth; this allele is known to have 
also a recessive lethal effect (see p. 113). All other combinations are 
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fully viable, so that normal ratios are obtained. For example, A'^a 
(yellovr) by a- a (black and tan) produces one-half yellows (.1 and 
oii(‘-fourth black and tans (a^a), and one-fourth blacks (aa). 

IMiiltipie alleles haA’e been found in many animals. In other rodents 
(guinea pigs, rats, rabbits) several alleles of the albino series are known 
ill each. 

In Drosophila melanogaster at least 14 alleles of the gene for white 
e^^e color are known. The homozygotes form a graded series of increasing 
shades of yellow and red beginning with the lowest member, white 
{ww), and proceeding through ivory, pearl, tinged, honey, buff, apricot, 
cherry, eosin, blood, coral, and wine to the wild-type red. Red is 
dominant to all other- alleles; compounds are in general intermediate 



Fig. 35. — A series of nine alleles of the gene Pal affecting flower color in the snap- 
dragon (Antirrhinum), from normal red (upper left) through pale shades to red-striped 
(lower right) . (After Baur.) 


between the pure parent types crossed. In Drosophila it has been 
possible to establish the important fact that alleles arise from mutations 
at the same locus in a chromosome. In the paired homologous chromo- 
somes they are thus always opposite each other and are probably modifica- 
tions of the same gene locus. 

Several series are known in plants. The most extensive of these, as 
reported by Baur in the snapdragon, has nine members, ail affecting the 
anthocyanin colors of the flowers and leading from the normal red through 
various paler shades to ivory color with red stripes (Fig. 35). Each 
member appears to be dominant to those lighter than itself. In maize, 
Emerson has found several such series. The clearest case involves the 
alleles of the “sun-red’^ gene, which in combination with other factors 
affect the colors of aleurone, plant, pericarp, and silk (Table VIII). In 
this case the alleles affect many different parts and in some compounds 
each allele produces its own effect and a mosaic expression results, as 
inAi^Ui. 
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Table VI II. —Relations of the ai Alleles to Aleurone, Plant, 
Pericarp, and Silk Color in Maize ^ {After Emerson, Beadle, 
and Fraser, 1935) 


Alleles 
of A 

Aieurone 
color witb. 

C EPr 

Plant color 

Pericarp color 

Silk color 
with 

P sm 

With B PI 

With B pi 

W’-ith 

PI 

WithP 

AiAi 

Stroiifi: purple 

Purple 

Sun red 

Cherry 

Red 

Salmon 

Aiai : 

Strong purple 

Purple 

Sun red 

Cherry 

Red 

Salmon 

AiAi* 

Strong purple 

Purple 

Sun red 

(Cherry) 

Brown 

Green 

AiaiP i 

Strong purple 

Purple 

Sun red 

Cherry 

Brown 

(Green) 


Strong purple 

Purple 

Sun red 

(Cherry) 

Brown 

Green 


(Strong purple) 

(Purple) 

(Sun red) 

(Cherry) 

(Brown) 

(Green ?) 

A.r-'ai 

Strong purple 

Purple 

Sun red 

(Cherry) 

Brow’n 

(Green?) 

aiPai^ 

Pale purple 

Reddish brown 

Green 

Brown 

Brown 

(Green?) 

ai'Pai 

Pale purple 

Reddish brown 

Green 

Brown 

Brown 

(Green?) 

OiOi 

1 White 

i 

i 

Brown 

Green 

Brown 

i 

Brow’n 

Green 


* CoiiibinatioiiS not tested directly are given in parenthesis. 


The Human Blood Groups.— An interesting and important series of 
multiple alleles has been studied in man, and these too show the peculiar 
relationship that in a compound each allele produces its own effect. 
The character affected by these alleles is the property (antigen) of the 
normal red blood ceils by which they respond to specific components 
in the blood serum (antibodies). Landsteiner discovered in 1900 that in 
certain cases when the red blood cells of one person were placed in the 
blood serum of another the ceils were clumped or agglutinated. This 
reaction occurred only when the cells of certain individuals were placed 
in serum from certain other persons. It was found that in respect to 
blood cells there are two such antigens, A and B, and two serum anti- 
bodies which agglutinate them. It was found that all persons could be 
classified into four groups with regard to the antigen property of the 
blood — those with antigen A (group A), those with antigen B (group B), 
those with both A and B (group AB) and those with neither antigen 
(group 0). Persons of group A have no antibody which agglutinates A 
cells but do have antibodies which agglutinate B cells; those of group B 


Table IX 


Blood group 

Serum agglutinates 
blood cells of group 

Cells agglutinated 
by serum of group 

AB 

None 

0, A, B 

A . 

B, AB 

0, B 

■■■ B . ^ 

• ; ■ A,' AB ■■ 1 

0, A 

V 0 • j 

A, B, AB 

None 
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have no antibodies which agglutinate B but do have antibodies which 
agglutinate A; those of group AB have neither, type of antibody; those 
of group 0 have both types of antibody. When blood cells from persons 
of one group are placed in serum from persons of the same or another 
group the reactions occur as shown in Table IX. 

Large numbers of persons have been classified into these four groups 
by means of the agglutination test, and the distribution of the blood 
groups in the offspring of parents of known blood groups has been studied. 
The evidence shows that these blood properties are determined by a 
series of three allelic genes A, and a as follows: 

Group 
AB 
B 
A 
0 


Genotype 

Aa^ 

or aa^ 
A A or Aa 


A is a factor for the production of antigen A, for antigen B, and 
a for neither antigen. 

The existence of these three factors in man and the ease of recognizing 
the blood groups has obvious practical applications in blood transfusion, 
cases of disputed parentage, and identification of persons, but these need 
not concern us here. What is significant for genetics is that allelic 
factors, affecting fundamental serological properties of the blood, act 
in such a way that in the compound Aa^ each factor produces its own 
characteristic and specific effect to the full so that the cells contain both 
antigens A and B; A and on the other hand each show complete 
dominance over a, the lack of both antigens. The case is unique among 
examples of factor interactions. 

Duplicate Factors.— Not only have changes in the same gene been 
found to produce different effects, as in multiple allelic series, but different 
though independent factors have been found with the same or similar 
effects. Factors with the same expression are known as duplicate factors. 
Their discovery has pointed the way to an explanation of some of the 
most complex cases of inheritance. 

In Bursa {the 15:1 Ratio ). — One of the simplest instances of duplicate 
factors is involved in the inheritance of capsule or pod form in the 
shepherd’s-purse, Bursa, as reported by G. H. Shull. One race of this 
species has characteristically triangular capsules, whereas in another 
they are ovoid or top shaped. When these two types are crossed, the 
Fi plants all have triangular capsules, the dominance of this/shape being 
complete. In the Fg, however, there are ordinarily found to be about 
15 plants with typical triangular capsules to every 1 with ovoid capsules. 
This F 2 ovoid plant breeds true in subsequent generations, whereas of 
the F 2 triangular plants some breed true, others produce triangular and 
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ovoid plants in the ratio of 3:1, and others produce these types in the 
ratio of 15:1. Remembering that where parents differing in two factors 
are crossed, the double recessive type appears in only, one-sixteenth^pf 
the progeny (as opposed to one-fourth in a single-factor cross), the 
hypothesis at once suggests itself that the triangular capsule of Bursa 
■ is caused by two dominant duplicate factors or by either one of them 



Tjtj T^2 




T,t2 

^2 




tjtg 


Fig. 36. — The 15: 1 ratio. Checkerboard showing the expected composition of the Fa 
from a cross between a type of shepherd’s-purse (Bursa) with triangular capsules (homo- 
zygous for two duplicate factors) and a type with top-shaped capsules. (After O. H,. 
ShidL) 

] alone and that the ovoid type is due to the alleles of both of 

these. The 15:1 ratio is thus still another modification of the 9:3:3: 1 
ratio, the first three terms here being indistinguishable from each other. 
Representing these two factors for triangular capsule by Ti and T 2 , 
the genotypes and phenotypes of the F 2 are shown in the checkerboard 
in Fig. 36. 

The hypothesis of duplicate factors not only explains this peculiar 
ratio but makes it easier to understand the differences in breeding 
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behavior which have been found to exist between the various triangular 
types occurring in F2. Seven plants out of sixteen (those i¥hich are 
homozygous for either Ti or 2^2 or both) should breed true to triangular 
capsules in later generations. Four plants have only one of the triangular 
factors represented and that in a heterozygous condition (Tih ^2^2 or 

T2k)^ so that these plants may be expected to produce offspring 
about three-fourths of which have triangular capsules and one-fourth 
ovoid ones. The remaining four are heterozygous for both factors 
(Tih ^2^2) and should thus produce offspring, when inbred, in about 
the ratio of 15:1, just as does the Fi hybrid. These expectations have 
been borne out by actual breeding tests. 

In Wheat . — A somewhat more involved case was brought to light 
during some breeding experiments on wheat by Nilsson-Ehle. He found 
that the red color of the grain in certain varieties was dominant to the 
white or colorless condition of the grain in other varieties. After red 
and white races had been crossed, however, these colors appeared in 
various ratios in the F 2 generations. From some crosses he obtained a 
normal one-factor ratio of % red to M white. In other F 2 counts, how- 
ever, the ratio was apparently 15 red to 1 white, and in still others 
63 red to 1 white. By comparison vdth the shepherd^s-purse it may 
be inferred that the red color may be due to the operation of one or two, 
or even of three, independent factors, any one of which, or all together, 
may produce the color; and that white is due to the absence of all these. 
Breeding tests show that the red plants which, when crossed with white, 
produce a ratio of 3 red to 1 white in the F 2 do indeed possess but a 
single factor pair for red; whereas the reds which give the 15:1 and the 
63 : 1 ratios possess two and three factor pairs for red, respectively. 

Denoting these various factors for red by Ri, E 2 , and i? 3 > we may 
represent the results of crosses by checkerboards as before. A cross of 
double red” and white is shown in Fig. 37. 

According to the assumption, the presence of a single factor for red 
(either El or K 2 ) is sufficient to cause the development of red color in 
the grains. Fifteen of the F 2 types in the checkerboard have either 
El or E 2 or both and are red, while only one out of the 16 has neither, 
and this is the double-recessive white plant. The cross of a “triple 
red” with a white can be shown in the same way, with the appearance of 
the white plant in the F 2 expected only once in every 64 individuals. 

. In this example it is significant that red is not completely dominant 
over white, for plants in which there are two red factors have darker 
grains than those with one; plants with three are darker than those with 
two; and so on, which indicates that these duplicate factors have cu7nu- 
lative effects. This conception, through its extension in the theory of 
multiple factors, has a very important bearing on the modern explanation 
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of the inheritance of quantitative or size characters, a subject which will 
be treated in detail in a later chapter. The important point to be 
emphasized in the present connection, however, is that the same effect 
may be produced by several different factors which are inherited quite 
independently of one another in typical Mendelian fashion. 

The possible method of origin of such duplicate genes will be discussed 
later. Gases of duplicate factors are known chiefly in plants, where 

Pj Ralta r,r| 

Red '' White , 

Fj Rjfi R2r3 

Red 



Fig. 37. — Diagram showing the result of a cross between a red«kernelled and a white- 
kerneiied wheat, where the red color is due to the operation of either or both of two factors, 
Ri and R- 2 . 

duplication of the whole chromosome set (ploidy) is known to occur, 
whereas in animals only one case of such duplicate factors is known 
(the inheritance of leg feathering in fowls) and ploidy in animals is 
very rare. 

Modifying Factors, — Of the several factors which interact to produce a 
given phenotype, some contribute a greater share than others to the 
total effect, and in some cases certain of these factors appear merely to 
modify the effect of another, or main, factor, having little or no effect 
when the '^main’^ factor is not present. Thus in certain strains of mice 
there occurs a form of white spotting known as /Variegated” (Fig. 38). 


1 











rfv- 


THE EXPRESSION AND INTERACTION OF FACTORS 109 


Fia. 38. — ^Variation in spotting of mice due to modifying factors. 
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Such variegated mice are heterozygous for a dominant spotting factor. 
Animals homozygous for this factor, WW, have a severe anemia and die 
soon after birth; when they live long enough to develop hair, they are 
white with black eyes, that is, the white spotting covers the whole coat. 
The degree of white spotting of the heterozygotes, ho-wever, depends 
not only on the presence of W but upon a number of other multiple 
factors which determine the degree of expression of W. If several of 
these modifying factors are present with W, the coat has much white; 
if few or none are present, the coat has little or no white. These modify- 
ing factors have little or no effect in ww mice; even when several of them 
are present the animal is unspotted unless Tf is also present. One 
effect of these modifying factors is thus to determine the degree of 
e.xpression or dominance of the factor W. When all of the modifiers 
are present, the cross of Ww X Ww produces offspring in the ratio of 

white (K WW, % Ww ) : }i unspotted (ww ) ; when part of them are 
present, the offspring consist of one-fourth white (WW), one-half varie- 
gated (JWw), and one-fourth unspotted (ww)] and when none are present, 
the progeny are one-fourth white (WW) and three-fourth unspotted 
(Ww and ww). This is a clear-cut demonstration of the fact that 
dominance in one pair of alleles is determined by the interaction of other 
factors in the genotype. 

In Drosophila likewise modifying factors are known which have 
little or no effect on eye color except when combined with one allele of 
the W'hite-eye series (eosin); in this combination they dilute or lighten 
the eye color. 

Such factors as the above may be called specific modifiers since their 
effects are produced only upon a specific genotype. 

Of more frequent occurrence are cases in which factors have a less 
specific or general modifying effect. In mice and many other mammals 
there is another form of white spotting known as pied. Pied mice differ 
from unspotted ones by having a recessive gene, s, but ss mice may vary 
from almost self-colored to nearly all white with black eyes. Other 
independent spotting factors determine these differences in extent of 
spotting; as more of them are combined with ss the coat becomes whiter, 
although when ss is replaced by its normal allele, S, the other spotting 
factors still produce white-spotting effects, but to a lesser degree. Thus 
a mutual modifying effect is exerted by s upon the effect of the other 
factors and vice versa. 

Such cumulative effects of factors and of modification of the effects 
of one factor by others have been noted so frequently that it is probable 
that all factors partake to some extent of the nature of modifiers. The 
distinction between “modifiers” and other factors is thus purely a formal 
one and is used for converdence only. 
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Multiple Effects of a Single Factor. — Not less importantj perhaps, 
than the cooperation of many factors in producing a phenotype is the 
effect of a single factor upon many different characters. A number 
of instances of this manifold effect have come to light, and it is probably 
the rule with all factors. A factor has frequently been spoken of as 
though it affected but a single trait in the indhddual, expressing itself 
ill some more or less definite and limited way, such as by a difference in 
eye color, or flower color, or the presence or absence of horns. Although 
it is convenient to name and refer to a factor by its most peculiar or 
striking manifestation, this custom should not conceal the fact that its 
most noticeable expression may not be its only one or even always its 
most important one. 

A simple example of the widespread effect of a single factor may be 
seen in one of the traits which Mendel himself studied. He noted that 
the plants which bore purple flowers had also reddish spots in the axils 
of the leaves and bore seeds with gray or brown seed coats. His evidence 
showed that this type differed by one factor from the type which had 
white flowers, green stems and leaf axils, and white seed coats. It is 
easy to see that in this case the factor affected pigment development in 
general and that the many differences between purple- and white-flow- 
ered plants were but local expressions of one fundamental difference. 
The same differences may be noted between the colored- and white- 
flowered varieties of many cultivated plants, such as the Jimson weed, the 
columbine, and others. 

Of less obvious nature are the examples in which a single factor is 
known to affect different parts of the organism in a variety of apparently 
unrelated ways. Thus in the wild Jimson weed the large seed capsules 
are covered with sharp spines, whereas in one variety which has been 
bred under cultivation spines are lacking, and the capsules are smooth. 
This difference is conspicuous and behaves as a single unit in inheritance, 
the spiny type being dominant. These two types also differ, however, 
in many other characters, such as the length of the internodes, the stout- 
ness of the stems, the angle of branching, the relative development of 
the short lateral branches, and other particulars. Here one factor 
evidently affects all sorts of traits all over the plant body. 

Finally in the flour moth, Ephestia, it has been shown that a single 
factor (p. 377) affects the color of the larval skin, testes, brain, and eyes 
of the adult; the viability; the reaction of the animal to temperature; 
and other traits. 

All of the diverse effects of a single factor may not be shown under 
a single set of conditions. Gne factor in Drosophila, known as “bent^' 
from a peculiar effect which it has on the shape of the wings, is expressed 
under ordinary conditions in various changes in the wings and in a 
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shortening and twisting of the legs; but when bent flies are reared in 
a cold atmosphere, a number of other peculiarities appear. The com- 
pound eyes become speckled and roughened because of irregularities 
in the hairs between .the facets; one of the veins in the wing appears 
broken; and the pattern of the bristle arrangement on the thorax is 
disturbed. The bent factor itself is nob altered by the lower temperature, 
but many effects of this factor which are not apparent at ordinary 
temperatures are made visible by the cold. 

These considerations serve to emphasize the conclusion already stated 
several times, that the real unit of inheritance is not the developed 
character which is visible and measurable and which, as has been seen, 
may be variable and complex, but an invisible something in the cell 
called a factor or gene. Not only is the organism formed under the 
cooperative influence of a large number of these factors, but each factor, 
itself a distinct unit, exerts a widespread influence on many parts of the 
organism. The extreme extension of this view may be seen in the idea 
that many fundamental characters of the organism are determined by 
factors acting on the whole animal or plant rather than on single parts. 

Lethal Factors. — In the examples thus far cited, we have considered 
some of the ways in which the genetic factors express themselves in the 
characters of the organism and have seen that many of them interact with 
and modify the expression of others. There is still another group of 
factors which produce such an extreme modification that at some point 
in its course they stop the development of the individual, and death 
ensues. Factors which have a fatal effect of this sort are termed lethal 
and are now recognized as of rather frequent occurrence among all sorts 
of animals and plants. They exhibit their peculiar effects, however, only 
when present in a homozygous condition. Lethal factors in the hetero- 
zygous condition may be carried with impunity by perfectly normal 
individimls, but that portion of the offspring of such individuals in which 
segregation has brought tw-o lethals together is killed. 

Albino Plants . — ^The complications introduced by the presence of 
lethal factors may be illustrated by a common occurrence in the breeding 
of corn and of sorghum. When the self-fertilized seeds from an appar- 
ently normal green plant are sown in the field, it sometimes happens that 
among the seedlings a number of spindling white plants are found which 
soon die because they lack chlorophyll, which is essential in the manufac- 
ture of food and hence in the life of the plant. When seeds from a plant 
which has produced such '^albino seedlings are sown and the numbers of 
green and white seedlings are counted, it is often found that the green 
seedlings outnumber the white by about three to one (Fig. 19). The 
parent plant was apparently heterozygous for a factor for white (absence 
of chlorophyll), which is lethal when homozygous. Here the cause of 
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the lethal effect produced by two white factors acting together is plaiiij 
since they prevent the development of a substance essential in the 
metabolism of the plant. 

In Mice . — In most cases, however, the specific effect of the lethal 
cannot be ascertained, and it is known only that the ratios ordinarily 
expected from a given mating are altered by the death of a portion of 
the progeny. The first case of this sort was found among house mice. 
The yellow variety of this species is peculiar in that it never breeds true. 
Matings between two yellows produce progeny of which about two- 
thirds are yellow like the parents, while one-third are of another color 
(black, brown, or gray). When yellows are bred to nonyellows, about 
half the young produced are yellow, while half are nonyellow. The 
latter ratio is that which is to be expected from the mating of a heterozy- 



Fig, 39. — Inheritance of a lethal factor in mice. A mating of yellow by yellow giving one- 
fourth dead embryos, one-half yellow mice, and one-fourth non-yellow ones. 

gote with a recessive and suggests that yellow mice are heterozygous. 
When two such heterozygous yellows are mated, however, it would be 
expected that one-fourth would be pure yellow, one-half heterozygous 
yellow, and one-fourth nonyellow; but apparently only the two latter 
classes are born from such matings, and these occur in the proportion 
(as expected) of two yellow to one nonyellow. It has been found that 
all three classes of individuals are probably formed and begin their 
development but that the pure yellows die in an early embryo stage and 
only the heterozygous yellows and the nonyellows live to be born (Fig, 39). 
In conformity with this explanation the litters born from matings between 
yellows are smaller by about one-fourth than litters from yellow by 
nonyellow. The inheritance of yellow may be represented as follows: 

A^ = a dominant factor for yellow (see p. 102) 
a == a recessive factor for nonyellow 


Parents ....... ......... Yellow X Yellow A% 

Gametes.................... A^, a A'^, a 

Progeny.................... * A% A^a aa 

34 Pine yellow 34 Yellow 34 Yellow 34 Nonyellow 


die 


live 


live 
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111 explaiiation of this case it is assumed that the union of two yehow 
factors produces a reaction which is fatal in some way to the develop- 
ing embryo. A mouse which inherits a factor for yellow can survive 
only if it receives also the allelic factor for nonyellow. The expression of 
the character yellow depends, therefore, on the simultaneous presence of 
the factor for yellow and of its normal allele. 

A large number of factors which express themselves in this way are 
known in the plants and animals which have been most thoroughly 
studied; for example, maize, snapdragon, and Drosophila. In the last, 
hundreds of lethal factors have been distinguished. In the fowl the 
‘^creeper” or short-legged condition behaves like yellow in mice. The 
homozygotes are very abnormal; their growth is retarded and they 
die at about seventy-two hours of development. In mice, brachyury, 
or the short-tailed variation, shows the same peculiarity. The homozy- 
gotes show many striking changes from the normal type and die regularly 
on about the tenth day after fertilization. In most of the cases cited the 
factor concerned has a dominant effect on external characters such as 
coat color, leg length, or tail length but a recessive effect on viability, 
since death results only when two factors are present. In Drosophila 
many of the '^Tethals” with dominant morphological effect have turned 
out to be not single factors but defective or deficient sections of chromo- 
somes, and other cases may prove to be of the same nature. 

No sharp line can be drawn between lethals and other factors, for 
all grades of lethal effect have been encountered, from those which 
cause death of the gamete (in certain plants), the fertilized egg, and early 
or late embryos or seedlings to those which affect the mature individual. 
Moreover, many recessive factors partake of the nature of lethals, since 
individuals homozygous for them are less viable than the normal” or 
wdid type. The effects of some of these factors on development will be 
discussed in a later chapter (XVI). Their importance at this point 
is in illustrating a new type of factor expression which may greatly 
modify the results of breeding experiments. 

Factor Expression in Development^ — The characteristics of the 
developed organism are not only influenced by a complex of interacting 
genetic factors but depend to a considerable extent upon the environ- 
ment in which these factors act during development. A rough distinction 
may be drawm between the external environment— those various agencies 
outside the body of the organism which may have an influence upon it, 
such as temperature, light, gravity, chemical substances, and so on— 
and the internal environment, including all those stimuli which have 
their origin within the body itself. 

Attention has already been called to the 
profound effect which differences in the external environment produce 
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on the visible, characteristics of genetically similar individuals. Soil 
conditions, moisture, temperature, food, parasites, and' similar agencies 
may in some cases so alter the expression of genetic factors as to mask or 
obscure their action entirely. 

Ill Drosophila a character, ‘^abnormal abdomen/^ although due to a 
dominant factors, appears only in ffies which not only have this factor but 
which have also been reared on a moist culture medium. The same char- 
acter when due to a different factor depends on just the opposite conditions 
for its maximum expression. The factor for duplicated legs produces its 
specific effect only in flies reared at low temperatures, while the effects 
of the factors for vestigial wings, bar eyes, and others are greatly modified 
by the temperatures at which development proceeds. Such cases of 
interaction between a genetic factor and a particular set of environmental 
conditions warn one to use great care in ascribing a given effect either to 
the environment or to a genetic factor exclusively. 



Fig. 40. — A normal and a dwarf mouse of the same age. The difference depends 
on a gene which affects the amount of a pituitary hormone, deficiency of the hormone 
producing dwarfism. {From Keeler, Courtesy of Harvard University Press.) 

Internal Environment . — ^In the higher animals the various internal 
secretions — those which enter the blood from the ductless glands and 
which are called hormones — have a marked influence upon many physical 
and mental features. Some of these hormones regulate and correlate 
the general processes of development, and the attainment of normal 
maturity depends upon their presence in proper amount. Others regu- 
late growth in particular tissues or regions, and abnormalities in the 
supply of these results in such conditions as goiter, abnormalities of the 
bones, and other specific defects. These secretions provide one item 
of the general environment within which the genes act. A hormone itself 
may often be one channel through which a gene affects general characters; 
and there is undoubtedly a complex series of interactions between the 
genetic factors, the endocrine secretions, and the other agencies of the 
internal environment during development. 

One clear case which may be taken as an example is the inheritance 
and development of dwarfism in the house mouse (Fig. 40). Dwarf 
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mice appear as about one-fourth of the progeny in litters from parents 
heterozygous for a recessive factor dw. The dwarfs stop growing at about 
two weeks of age and reach only about a third of the size of their normal 
litter mates, and although otherwise healthy they are always sterile. 
The anterior lobes of the pituitary glands of the dwarfs are deficient, 
as well as the cortex of the adrenal gland. When anterior pituitary 
glands from normal rats are implanted into the dwarfs, they begin to grow 
and continue to gain weight as the gland implantations continue. Under 
continued treatment they reach almost the size of normal mice of the 
same age, and the males may become fertile. It has been shown that 
the dwarf factor interferes with the production of the growth hormones of 
the anterior pituitary, although another hormone from this gland, which 
influences sexual maturity, is apparently not affected. Through this 
means, the factor affects all the structures of the body. The artificial 
supply of the normal secretion replaces the action of the normal gene, 
and this shows that the normal gene is responsible for many of the com- 
plex interactions which take place during growth. 

Many of the ways in which genetic factors interact in influencing the 
sexual characters, the sex organs and their secretions, and the general 
course of development will be discussed in later chapters. 

Complexity of the Problem. — The examples used to illustrate the 
various types of factor expression and interaction are only a few of the 
many which investigation during the past forty years has brought to 
light. Mendelism was hailed as a means of simpifying the problems 
of heredity, but as knowledge has increased, it has been found to involve 
all sorts of unsuspected complications. These have often been so 
intricate and obscure as to suggest, at first, that they were unexplainable 
in simple terms, but advancing knowdedge has brought them one by 
one into harmony with the underlying principles enunciated by Mendel. 
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PROBLEMS 

125. Can pure stocks of the following be produced: yellow mice; walnut- 
combed fowls; blue Andalusian fowls? Explain. 

126. How could you most easily distinguish the various genotypes among 
the walnut-combed F 2 birds in the checkerboard in Fig. 29? 

127. A strain of black, solid-colored mice has bred true for 10 generations, 
except for one albino which appeared in the second generation. In the sixth 
generation a black- and white-spotted mouse is born in this strain. The breeder’s 
explanation is that the blacks have been carrying white as a latent character and 
that, through long association, the two traits have affected or contaminated” 
each other, resulting in a black-and-white animal. Criticize this explanation and 
offer an alternative one. 

128. The difference between dark and blue eyes in man is probably determined 
by a single factor, but there are many shades of brown and of blue eyes. How 
would you explain these minor differences? 

129. Can you suggest a chemical or physical explanation for the multiple 
effects of a single factor such as Mendel found in purple-flowered peas? 

130. In mice how would you recognize a recessive trait which has also a lethal 
effect? 

131. Describe one or more instances in man where the expression of an 
inherited defect has been modified by training or environment. 

132. Can an albino mouse be heterozygous for another member of the albino 

series of alleles? Explain. ■ 
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133. How would you determine whether a dwarf mouse contained the gene for 
dwarfism described on page 115? 

Note. — In certain breeds of sheep both sexes bear horns, but in others horns 
are absent from both. In crosses between the tw’o, the horned condition is 
dominant in males and recessive in females. White fleece is dominant over 
black in both sexes and in all breeds. 

134. If a homozj’’gous horned, white ram is bred to a homozygous hornless, 
black ewe, what vili be the appearance of the Fi and the F 2 generations as to 
horns and color? 

135. A horned, black ram bred to a hornless, white ewe has the following off- 
spring: Of the males, one-fourth are horned, white; one-fourth horned, black; 
one-fourth hornless, white; and one-fourth hornless, black. Of the females, 
one-half are hornless, black and one-half hornless, white. " What are the geno- 
types of the parents? 

Note. — In man, assume that baldness, S, is dominant over nonbaldness, s, 
in males but recessive in females. 

136. A brown-eyed, bald man whose father was nonbald and blue-eyed 
marries a blue-eyed, nonbald woman whose father was bald and all of whose 
brothers were also bald. What will be the probable appearance of their children 
as to eye color and baldness? 

Note. — In poultry the factors for rose comb, R, and pea comb, P, if present 
together, produce walnut comb. The recessive alleles of both, when present 
together in a homozygous condition, produce single comb. 

137. What will be the comb character of the offspring of the following crosses, 
in which the genotypes of the parents are given? 

RrPpxRrPp RrPpXRrpp 

RRPp XrrPp Rr pp X rr Pp 

rrPP XRrPp Rr pp X Rr pp 

Note.— -In the following five questions, all of which concern comb form in 
poultry, determine the genotypes of the parents: 

138. A rose crossed with a walnut produces offspring three-eighths of which 
are walnut, three-eighths rose, one-eighth pea, and one-eighth single. 

139. A walnut crossed with a single produces offspring one-fourth of which are 
walnut, one-fourth rose, one-fourth pea, and one-fourth single. 

140. A rose crossed with a pea produces six walnut and five rose offspring. 

141. A walnut crossed with a single produces one single-comb offspring; 

142. A walnut crossed 'mth a walnut produces one rose, two walnut, and one 
single offspring. 

143. If one of the walnut parents in the preceding question were crossed with 

one of its single-comb offspring, what would tJieir offspring be like? ’ 
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Note . — 111 poultry, feathered shanks, F, are dominant over clean, /; and the 
white plumage of Leghorns, /, is dominant over black, i, 

144. What mil be the appearance of the offspring of the following crosses, in 
which the genotypes of the parents are given: 

// Rr Pp X Ff Rr pp 
Ff a Rr pp X ff II Rr Pp 

145. A feather-shanked, rose-comb bird crossed with a clean-shanked, pea- 
comb one produces 25 feathered, pea offspring; 24 feathered, walnut; 26 feathered, 
rose; and 22 feathered, single. What are the genotypes of the parents? 

146. A breeder has a homozygous race of feather-legged, black, rose-comb 
birds and another of clean-legged, white, pea-comb ones. He w^ants a race of 
black birds which have clean legs and walnut combs. What proportion of the 
F 2 raised from a cross between these two races will be what he desires in appear- 
ance f What proportion of these birds will be homozygous for the desired 
characters? 

147. If the disk-fruited Fi squash plants resulting from a cross of sphere X 
sphere (p. 89) are crossed with elongate-fruited plants, what will be the fruit 
shape of their offspring? 

148. A certain disk-fruited squash plant crossed with a spherical-fruited one 
produces offspring of which three-eighths are disks, one-half spheres, and one- 
eighth elongates. What are the genotypes of the parents? 

Note. — In sweet peas, factors C or P alone produce white flowers, the purple 
color being due to the presence of both these factors. 

149. What will be the flower color of the offspring of the following crosses, 
in which the genotypes of the parents are given? 

CcPp X ccPp ccPp X CC pp 

Cc Pp X Cc PP Ccpp X CC Pp 

150. In the checkerboard (Fig. 30) what will be the flower color of the off- 
spring of each of the nine purple-flowered plants if selfed? 

Note. — In the following three crosses of sweet peas what are the genotypes of 
the parents? 

151. A white-flowered plant crossed with a purple produces offspring of which 
three-eighths are purple and five-eighths white. 

152. A purple-flowered plant crossed with a white one produces offspring of 
which one-half are purple and one-half white. 

153. A white-flowered plant crossed with another white produces offspring 
of which three-fourths are white and one-fourth purple. 

jV’ote.— In maize, factors C and R are both necessary for the production of red 
aleurone color, the absence of either resulting in white aleurone. If factor P 
is present in addition to C and P, the aleurone is purple, but P has no effect in the 
absence of either C or R or both. 


120 


PRINCIPLES OF GENETICS 


154. In maize, wliat is tlie aleurone color of the offspring of the following 
crosses, the genotypes of the parents being given? 

Cc Rr pp X cc Rr Pp CC rr Pp X Cc Rr pp 

cc RR Pp X Cc Rr pp Cc Rr Pp X Cc Rr Pp 

Note. —In the folio vdiig three questions, all of which refer to aleurone color in 
maize, find the genotypes of the parents. 

155. A purple plant crossed with a white produces offspring of which oiie» 
eighth are purple, one-eighth red, and three-fourths white. 

156. A purple plant crossed with a red produces offspring of which nine 
thirty-seconds are purple, nine thirty-seconds red, and seven-sixteenths white. 

157. A purple plant crossed with a white produces offspring of which three- 
eighths are purple and five-eighths white. 

Note. — In maize, factor If prevents the appearance of any color in the aleurone 
at all, and its presence thus results in white aleurone. Its recessive allele w 
allows the development of color. 

158. What will be the aleurone color of the offspring of the following crosses, 
the genotypes of the parents being given? 

Wio Cc Rr Pp X row cc rr pp ww Cc rr Pp X If If cc rr Pp 

Ww cc Rr pp X If^ cc Rr pp ww cc Rr pp X Ww Cc rr PP 

Note. — The effect of the factors 0, A, D, P, and S and their recessive 
alleles on coat color in mice is as follows (see Table VII): C, colored; c, albino; 
AP, black agouti (wild type); A5, cinnamon (brown agouti); P, normal dark 
eyes; p, pink eyes; aP, black; a6, brown; D, normal dark color; d, dilute color; 
S, solid or self color; s, spotted mth white. 

159. In mice what will be the coat color of the offspring of the following 
crosses, in which the genotypes of the parents are given? 

Cc Aa Bb X CC aa Bb 
Cc Aa BB Dd X cc Aa Bb Dd 
CC aa Bb dd Pp X Cc aa Bb Dd pp 
CC A A BB Dd Pp SS X Cc aa Bb DD Pp ss 

Note. — In the following five crosses, which deal with coat color in mice, find 
the genotypes of the parents. 

160. An agouti animal crossed with another agouti produces offspring of 
which nine-sixteenths are agouti, three-sixteentlis black, three-sixteenths cinna- 
mon, and one-sixteenth brown. 

161. A cinnamon animal crossed wdth an albino produces offspring of which 
three-eiglitlis are agouti, one-eighth black, and one-half albino. 

162. A black animal crossed with an agouti produces offspring of which nine 
tlnrty-seconds are agouti, nine thirty-seconds black, three thirty-seconds cinna- 
mon, three thirty-seconds brown, and one-fourth albino. 
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163. A dilute agouti animal crossed mth a pink-eyed, spotted black produces 
three agouti offspring, one spotted agouti, two dilute agouti, two diliite,,spotted 
agouti, four cinnamon, one spotted cinnamon, two dilute cinnamon, and four 
albinos. 

164. An agouti animal crossed with a dilute pink-eyed, spotted brown pro- 
duces one dilute black, one spotted agouti, and one pink-eyed cinnamon. 

Note. — In summer squashes the factor for white fruit color, IF, is epistatic to 
that for yellow, 7; WY and Wy plants are white, wY plants yellow, and wy 
plants green. 

165. What is the color of the fruit in the offspring of the follomng crosses, the 
genotypes of the parents being given? 

Ww Yy X Ww yy ww YY X Ww yy Wtv yy X wiv Yy 

Note. — In the following three questions, which deal with fruit color in squashes, 
find the genotypes of the parents : 

166. A white plant crossed with a yellow one produces offspring of which 
one-half are white, three-eighths yellow, and one-eighth green. 

167. A white plant crossed with a green one produces offspring of which 
one-half are white and one-half yellow. 

168. A white plant crossed mth another white one produces offspring of which 
three-fourths are white, three-sixteenths yellow, and one-sixteenth green. 

Note. — In stocks, factor C, in the absence of factor Rj produces cream-colored 
flowers; c produces white ones; C with R, red ones; C with R and V, violet ones, 
but V has no effect in the absence of either C or R oi both. Factor H causes the 
plant to be hairy, but it is operative only in the 'presence of both C and R. Its 
recessive allele, causes a smooth condition. White-flowered and cream-flowered 
plants are thus always smooth, and red-flowered and violet-flowered ones may 
be either hairy or smooth. 

169. In stocks, what is the appearance of the offspring of the following crosses, 
the genotypes of the parents for flower color and plant surface being given? 

CC Rr VV Hh X Ccrr Vv HH Ccrr vv Hh X cc BR Vv hh 

Cc Rr Vv Hh X Cc Rr Vv Hh Cc Rr Vv Hh X cc rr vv hh 

Note.— In the following three questions, which deal with flower color and 
plant surface in stocks, find the genotypes of the parents: 

170. A cream smooth plant crossed with a white smooth one produces off- 
spring of which three-eighths are violet smooth, one-eighth red smooth, and one- 
half white smooth. 

171. A violet smooth plant crossed with a white smooth one produces offspring 
of which one-sixteenth are violet hair}’’, one-sixteenth violet smooth, one-sixteenth 
red hairy, one-sixteenth red smooth, one-fourth cream smooth, and one-half 
white smooth. 
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172. A Aiokt hairy plant crossed with a red smooth one produces one white 
smooth plant, one cream smooth one, and one red smooth one. What are the 
chances of getting a violet hairy plant out of this cross? 

173. Wh&t will be the plumage color of the offspring of the following crosses 
in lioultry, the genotypes of the parents being given (p. 97) ? 

li Cc X a Cc a Cc x a cc 

11 cc X a cc li cc X a Cc 

174. In rabbits full color (C), Himalayan albinism (C*), and albinism (c“) 
form a series of multiple alleles with dominance in the order given. What will be 
the appearance of the offspring of the following crosses: 

(a) homozygous colored X Himalayan 
(5) F 2 from (a) 

(c) Himalayan X albino 

(d) F 2 from (c) 

(c) Fi from (a) X Fi from (c) 

175. In maize there are several factors which affect plant color. Three of 
these are sun red, weak sun 7'ed, and dilute sun red, their intensities being in the 
order named. Following are the results of crosses between these three types 
(data from Emerson) : sun red X dilute sun red gave all sun red in Fi and 998 sun 
red to 314 dilute sun red in Fo; weak sun red X dilute sun red gave all weak 
sun red in Fi and 1,300 weak sun red to 429 dilute sun red in F 2 ; sun red X weak 
sun red gave all sun red in Fi and 71 sun red to 16 weak sun red in F 2 . 

Explain these results, stating the relationship among these three plant colors. 

Note.— In mice the foilowng genes affecting coat color form a series of multiple 
alleles: A^, agouti light belly; A, agouti (gray-belly, wild type); a*, black and 
tan (black back, light belly); a (black, nonagouti) ; A a* animals are agouti with 
light belly; otherwise dominance is complete in order given. C is colored; cc, 
albino. 

176. What will be the appearance of the offspring of the following crosses: 

(a) A^A X A A 

{h) A^A^ X A a 
(c) A X A a 
{d) A^A X 

177. Wliat ai’e the genotypes of the parents in the following crosses: 

(a) Agouti light belly X agouti light belly giving one-fourth agouti, one-haif 
agouti light belly, one-fourth black and tan. 

{h) Agouti light belly X agouti giving one-half agouti light belly; one-fourth 
agouti; one-fourth black. 

(c) Albino X agouti giving all agouti light belly in Fi; and in F 2 three-six- 
teenths agouti, three-eighths agouti light belly, three-sixteenths black and tan, 
and one-fourth aibino. 

178. What will be the appearance of the offspring from the following crosses 
in mice (c/. p. 102) : 
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(a) 11 X 11 Cc- 

(h) 11 X 11 

(c) 11 X 11 

(d) 11 Cc^ X 11 

179. What crosses would you make to determine the genotypes as to albino 
and agouti alleles of the follomng mice: (a) agouti; (6) extreme dilute black and 
tan; (c) chinchilla light-bellied agouti? What would be the genotype of one 
animal or pure stock which could be used to make progeny tests for all of these 
genes at once? 

180. From the data on inheritance of capsule shape in the shepherd^s-purse, 
calculate the expected results in F3 from self-fertilizing each of the 15 F2 types 
wth triangular capsules in Fig. 36. 

181. In wheat, determine the genotypes of the parents in the following 
crosses: 

(а) Red X white giving three-fourths red and one-fourth white; 

(б) Red X red giving seven-eighths red and one-eighth white. 

182. In each of two different strains of maize, plants have been found which, 
when selfed, produce about three-fourths normal green and one-fourth lethal 
white albino ^0 seedlings. If two such albino-producing plants, one from each 
strain, are crossed, the Fi is found to be all green, but certain of the F 2 popu- 
lations are approximately nine-sixteenths green and seven-sixteenths white. 
Explain, giving genotypes. 

183. In maize, plant A when crossed with plant B produced 255 green and 89 
white offspring but when selfed produced 153 green and 118 white offspring. 
What are the genotypes of these t^vo plants? What should plant B produce 
when selfed? 

184. A green maize plant when selfed produces about fifteen-sixteenths green 
and one-sixteenth white (lethal) seedlings. Explain. 

185. In mice what will be the appearance of the offspring from the following 
crosses = yellow): 

CC A^A Bb X CC A^A bb 
CcA^A BB X CcA^A Bb 
ccA^ABB X CcAyA BB ' 

186. In Drosophila crosses of Dichaete winged flies X Dichaete always give 
two-thirds Dichaete to one-third normal winged offspring. Dichaete X normal 
gives one-half Dichaete and one-half normal. How would you explain these 
results? 

187. In poultry the following results were obtained: 

Progeny 
VShort-, 
legged Normal 


а. Short-legged X short-legged . . . . . ... ...... .... . ....... 1,972 955 

б . Short-legged X normal. .. . . . . ..... ...... . . ... ...... 1,676 1,661 
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188. Wl«t will b. the phototype, .s to blc«d poupt, of oStprmg of patepto 

of the foEomng genotypes for blood groups. 

Aa X 
Aa^ X 
a^a X 

189. If a person of blood group AB marries one belonging to group 0, what 
will be the blood groups of their children? 

Note.-ln the three following problems on blood groups, determine the geno- 

•"’”m 0« Mentis group A aud the other group B, but rjl four groupe ... 

represented among the cliildren. 

191. Both parents are group A, but three-fourths of the children belong to 
group A and one-fourth to group 0. 

192. One parent is AB and the other B, but of the children one-fourth are A, 
one-fourth AB, and one-half B. 

193. In the two following cases of disputed paternity, determine the true 
“”) Tte mote belougp to group B, the child to 0, on. possible fate to A 

“'*(w’'Se mSiteolongs to group B, the child to AB, one possible father to A 

and the other to B. 

194. In the choice of donors for blood transfusion, a patient’s brother or 
sister is often selected. Would these be more likely to be successful donors if 
both parents belonged to blood group AB or if both belonged to group 0. 

Explain. 

195. If both parents belong to blood group AB, 

children would be expected to be of such a type as to be able to give blood to 

their parents? 

196. A given F, population consists of 1,260 B and 350 6 individuals Does 
this fit better a 3: 1 or a 13:3 segregation? Decide this by calculating S.E. j or 

each ratio. 

197. By calculating x" and P determine whether the following F^ population 

fits better a 3 : 3 : 1: 1 ratio or a 27 : 21 : 9 : 7 ratio : 


AB 

285 


Ab 

245 


aB 

90 


ab 

84 
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MULTIPLE-FACTOR INHERITANCE 

The traits of organisms which 'we have thus far considered are definite 
and easily recognized ones. The characters which Mendel studied in 
peas, the comb types in poultry, and the coat colors of mice are readily 
distinguished by contrast with their alternatives. Factor interaction, 
linkage, and other causes may introduce complications, but the classifica- 
tion of a given segregating population and a determination of the ratios 
which it exhibits are for the most part easy tasks. In a cross between a 
wild gray house mouse, for example, and a pale, pink-eyed, spotted, brown 
one, segregation and recombination will produce a wide range of different 
coat colors in F2, but each is a distinct type and with but little p>ractice 
may be placed in its proper class. 

Quantitative Characters. — Even casual observation, hovrever, mil 
disclose many traits where alternatives are not easily distinguishable 
and where there are all degrees of intermediate conditions between 
one extreme and the other. Such traits are often termed quantitative 
in distinction to the simpler qualitative ones. Examples are those 
involving the length, weight, and girths of the body, the number of 
multiple parts such as petals or appendages, and the degree of fertility, 
yield, intelligence, strength, or development in any other character, 
including most of those which are economically important. It is obvious 
that characters of this sort, involving differences in degree, cannot be 
analyzed by the simple methods used for qualitative ones. In studying 
stature, for example, it is impossible to divide men into ^Hall” and 
‘'short, or even into “tall,^^ “medium,^^ and “short, for if a large 
random group of people is examined, it will not be found to be composed 
of definite groups but of individuals representing every gradation in 
height from very short to very tali. 

Such characters show in their inheritance the same absence of clearly 
marked classes. If a homozygous “large” individual is crossed with a 
homozygous “small” one, the F2, if extensive enough, includes some 
individuals as small as one grandparent, some as large as the other, and 
others ranging all the way between. Here there is evidently no clean-cut 
segregation into distinct classes which can be recognized and counted, 
and the problem of determining the method of inheritance of such traits 
must evidently be approached by a somewhat different method from 
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that of ordinary Mendelian analysis. Indeed, such characters were 
long thought to constitute important exceptions to Mendel s law^ 

It is L-ious, however, that there is no hard-and-fast difference 
between qualitative and quantitative characters. Color, which in many 
eases shows definite alternative inheritance, as in the case of pea flow eis, 
lu others appear in a series of intensities which grade almost imper- 
SiSy into eacf other and which show slight diffeilmces in the quantity 
of pio-iLnt pre.sent. The series of eye-color alleles m Drosophila, ruii- 
nin-“from ivhite through successive intensifications of pigment to red, 
or the similar series of flower-color factors in Antirrhinum (Fig, 35) are 
examples. Similarly, shape sometimes presents simple qualita ive 
ifferences and sometimes a more complex mtergradmg series. The 
primary sex difference is usually a definite and discontinuous one, but, 
L we LaU see, intermediate forms are often found, and maleness and 
femaleness are now recognized as matters of degree. Many characters 
which under certain conditions may be easily described in qualitative 

terms may be typically “quantitative” under others 

The Multiple-factor Hypothesis.— The absence of clear-cut segrega- 
tion into definite and readily recognizable classes, which is the mam 
difference betiveen the inheritance of typical quantitative characters and 
that of the ones which we have chiefly considered thus far, may per- 
haps best be explained by a study of the manner of inheritance of one 
of those traits which is sometimes a simple qualitative one but a,t other 
times behaves in a more complex manner. In a previous chapter (p. 105) 
the operation of duplfcate factors, such as those discovered for capsule 
shape in Bursa by Shull and for kernel color in wheat by Nilsson-me, 
has been described. The latter ease is particularly illuminating. Here 
red is not completely dominant over white, but the hybrids may show 
various intensities of color. In some crosses of red with white a simple 
3 : 1 ratio is found, indicating a single gene difference, but some of the reds 
are as dark as the red grandparent, and others resemble the Fi in being 
less intense. In other crosses a 15 : 1 ratio of red to white is found in the 
Fs. Here there are a few which are as dark red as the red grandparent, a 
considerable number which are of about the same shade as the Fi, and 
some which are even paler than the Fi. The conclusion seems obvious 
(and is supported by a study of F 3 generations raised from these various 
types) that there are here two pairs of genes for red, neither completely 
dominant over white and either capable of producing red kernels, but 
that the four members of these pairs are cumulative in their effect, the 
dark reds being due to the presence of four genes, the next in intensity to 
three, those like the Fi to two, and the pale reds to but one. Represent- 
ing one of these factor pairs by A A and the other by BB, the original 
dark-red parent is AABB and the white one aahb. The Fi is AaBb, inter- 
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mediate in color. The checkerboard in Fig. 37, p. 108, shows the geno- 
types of the F 2 plants, with the number of red genes possessed by each 
class. Only 1 of the 15 reds has all four genes and is thus dark red; 4 
have three genes; 6 have two; 4 have one; and one-sixteenth of the 
whole population has none. 

In still other cases Nilsson-Ehle found that of the F 2 plants were 
red kenieled and only J'64 white, a condition w^hich suggested three inde- 
pendent genes for red. Here the range in intensity of the red was even 
more marked, as was to be expected. If the red parent is represented by 
the genotype AABBCC and the white by aahhcc, the Fi (AaBhCc) 
should evidently be essentially uniform and intermediate between the 
parents in color, both of which expectations are realized. In the F 2 
there should also be a marked increase in the range of color types. The 
relative proportions of the various groups may readily be calculated. A 
few individuals may be expected to have six genes for red, others 
i%4.) five, others four, others three, others 4 ) two, 

others (% 4 ) one, and a few (M 4 ) none at all (resulting in white kernels). 
Although it is not always possible to distinguish these six classes of reds by 
their appearance, it is evident that there are few of either extreme type 
and more of the intermediate grades, and segregation in later genera- 

tions indicates the essential correctness of this three-factor hypothesis. 

In the uniform but intermediate character of the Fi and the marked 
increase in variability of the F 2 , red kernel color of wheat in this case 
behaves essentially like an ordinary quantitative character. That the 
nature of its inheritance is truly Mendelian is proved not only by an 
analysis of the results of this cross but by a comparison betw^een it and 
the obviously simpler results (3:1 and 15:1 segregations) for the same 
character in related races. From a study of such cases as this Nilsson- 
Ehle (and East independently) proposed the Multiple-factor hypothesis 
for the inheritance of quantitative characters. This assumes that there 
is a series of independent genes for a given quantitative trait, and that 
these genes are cumulative , in their effect. Dominance is ordinarily 
absent, the Pi appearing as a blend of the characters of the two parents. 
If instead of a unit of color (as in wheat kernels) each gene should con- 
tribute a unit of height, weight, or other typically quantitative trait, the 
relations between parents, Fi, and F 2 would be essentially like those just 
described for kernel color. 

As a typical example we may take the inheritance of ear length in 
maize, as studied by East. He worked with two relatively pure types:- 
one, long-eared Black Mexican sweet corn and the other, short-eared Tom 
Thumb popcorn. In Fig. 41 are shown the parental types and the F 1 
and F 2 generations following a cross between them. The ears have been 
arranged in classes differing by 1 cm. in length, and under each class is 
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given the number of individuals in that class. Thus in the Fi there was 
one plant in which the ear was 9 cm. long, there were 12 in which it was 
10 cm., and so on. Each of the pure types evidently varied somewhat 
in ear length, presumably because of environmental differences, and the 


Fig. 41. — The inheritance of ear length in maize, as shown by the results of crossing a 
short-eared variety of popcorn with a long-eared variety of sweet corn. Ears showing the 
range in length of the parent types are pictured above, with the Fi and F2 generations 
below. (From East.) 


Fx shows about the same degree of variability, although it is essentially 
intermediate between the two parental types. In the F,, however, there 
is a much greater range, from plants with ears as short as the shorter 
eared grandparent to those with ears as long as the longer eared grand- 
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parent. There are relatively few of these extreme types, and a relatively 
large number of those which have intermediate ear length essentially like 
that of the Fi. This situation is similar in its essentials to that of kernel 
color in wheat, and although segregation into a series of distinct classes 
is impossible to demonstrate, the marked increase in variability of the F2 
as compared with the Fi finds its simplest explanation in the independent 
segregation of a series of “multiple factors,’’ each affecting ear length 
and all of them cumulative in their effect. 

Analysis of Quantitative Inheritance. — To study the inheritance of 
traits like ear length in maize, w^here simple segregation is lacking and an 
intergrading series of forms is found, a technique adapted to an analysis 
of quantitative data must be employed. 

Most quantitative traits cannot readily be described by words such 
as “tall,” “short,” “heavy,” “light,” “high,” “low^,” “weak,” or 
“strong,” because of the existence of all grades of intermediates. Evi- 
dently, the only way in which a satisfactory determination and descrip- 
tion of such characters can be made is by measurements. By this means 
every individual has a quantitative description of its particular char- 
acter whereby it may easily be compared with other individuals of the 
same kind. The series of measurements which have thus been gathered 
in any study of the inheritance of size must then be classified and sim- 
plified by methods of statistical analysis if they are to be handled easily 
and their meaning presented in precise and understandable form. The 
application of statistical methods to living things is known as biometry 
and has developed into an important branch of biological investigation. 
Before it is possible to understand the inheritance of quantitative char- 
acters, it is necessary, therefore, to master certain of the more important 
methods of biometrical analysis and learn to extract from the “raw” 
data themselves a few of the simplified measures, or constants, which 
are commonly used in problems of this sort. The concern here is with 
biometry, not as an end in itself, but as a convenient mathematical tool 
which may be used in dealing with quantitative characters. 

Biometrical Constants . — Even in a group of individuals wdiich is known 
to be homozygous for a given size character, ail the members are not 
exactly alike, for quantitative characters are greatly influenced in their 
expression by the environment. Bean plants belonging to the same pure 
line or race, for example, which are similar in their entire genetic con- 
stitution, differ markedly in vine height, pod size, yield of fruit, and other ‘ 
quantitative traits according to the conditions of temperature, moisture, 
and soil fertility under which they have grown. Similarly among 
animals, proper feeding results, even in the same race, in a much greater 
development of such characters as body weight, milk production, and 
egg yield than does a ration which is deficient in some component neces- 
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sary to niaximum development. Even when every attempt is made 
to secure complete uniformity, both in the genetic constitution of the 
individuals studied and in the various factors of their environment, 
there is almost always a variation among them with regard to any 
quantitative character. If the inheritance of such a character is to 
be studied by crossing individuals from one group with those from 
another (tall plants with dwarf ones, say) and the results of this cross 
followed to later generations, it is important to obtain a single quantity 
which shall represent, as accurately as possible, that size character for 
that particular group, free from the fluctuations shown by individual 
members. Such a quantity is the average or mean, and its determination 
for a given group is an important step in biometrical analysis. 

It is also useful to obtain a measurement of the variation which a 
given group of individuals displays, for not only does this often serve to 
indicate purity of type, or influence of the environment, but a study of 
the comparative variability of parents and offspring has given valuable 
clues as to the method of inheritance of quantitative characters. The 
mean tells nothing of variation, for t^wo populations may have the same 
mean but may differ greatly in the extent to which their members vary 
around it ; and other constants, especially the standard deviation and the 
coefficient of variability, must be determined. 

Measurement of type and measurement of variation are thus two of 
the primary objects of a biometrical analysis of size inheritance or, 
indeed, of any statistical study of quantitative characters. The method 
by which the necessary statistical constants are determined is described 
at the end of this chapter. 

Biometrical Analysis of Some Quantitative Traits. — ^An application 
of biometrical methods may now be made to the case of ear-length 
inheritance in maize, already described. In Table X are classified, 
in 1-cm, classes, the 57 individuals of the pop race studied,, the 101 
individuals of the Black Mexican race, the 69 individuals of the Fi 
raised from a cross between these two, the 221 individuals of the F 2 


Table X.— Frequency Distribution op Lengths op Ears in Cross op 
Long-eared ( 60 ) and Short-eared ( 54 ) Maize (From East) 
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obtained by crossing the Fi plants. The mean, standard deviation, and 
coefficient of variation for each of these four groups are also presented. 

It will be noted that even in the pure types the individuals vary some- 
what ill ear length, but these differences are presumably due to environ- 
mental conditions, which are very hard to equalize exactly. The mean 
ear length for each race, however, rather than the length of any one 
group of individuals may be taken as representative of the race as a 
whole. The means of the parent 
types differ by 10.2 cm. The varia- 
bility of these two types, however, is 
low and of about the same magnitude. 

There are t’wo noteworthy facts about 
the F 1 : first, that its mean is approxi- 
mately intermediate between that of 
the two parents (12.1 cm. as compared 
with 6.6 cm. and 16.8 cm.); and, 
second, that its variability is about as 
low as theirs (12.48 per cent as com- 
pared with 12.27 per cent and 11.13 
per cent). The F 2 is different. Its 
mean is very close to that of the Fi, 
but its variability has increased very 
greatly^ rising to 22.30 per cent. 

Some plants are found in this genera- 
tion with ears as long as the mean of 
the sweet type and some with ears as 
short as that of the pop type, with 
others ranging all the way between. 

As stated above, these facts may best 
be interpreted by assuming that the 
two original races differ in a series of 
factors for ear length, that these lack dominance, and that their indepen- 
dent segregation in F 2 is responsible for the increased variability w’'hich 
this generation shows. Most quantitative traits that have been sub- 
jected to biometrical analysis show results essentially like these for ear 
length in maize and are now generally regarded as dependent upon a 
series of multiple factors. 

The genetic complexity in a given case of quantitative inheritance 
may be roughly estimated by an analysis of the ¥2 generation. If three 
factor pairs are responsible for a given size difference, it is evident that 
an individual as extreme as one of the grandparental types may be 
expected to appear only about once in sixty-four times. In the inherit- 
ance of most quantitative characters, however, the original types are 


Fig. 42. — Flowers showing the aver- 
age corolla length of two varieties of 
Nicotiana longiflora (left and right) 
and an average flower from the Fs of a 
cross between them (center). {From 
East.) 
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recovered in the F 2 much less frequently than this, and it is therefore 
inferred that more than three factor pairs are involved. A rough guess 
as to their number can be made by determining the proportion of the F. 
which resembles one of the Pi types. If four factor pairs are concerned, 
this parental type will reappear in approximately 1/256 of the individuals; 
if five, in about 1/1,024; if six, in about 1/4,096; and so on. If the num- 
ber of factors is large, indmduals like the grandparents will not appear in 
a small F 2 (as often happens). In the inheritance of corn ear length, for 
example, as shown in Table X, there are evidently few factors involved 
in the difference between the sweet and the pop types. In Table XI 
for corolla length in tobacco (Fig. 42), however, there seem to be more 
factors, for in a rather large Fo the parent types do not reappear to ail. 

The inheritance of quantitative characters has now been studied in a 
considerable number of animal and plant species, and in most cases results 
essentially similar to those reported above have been obtained. Only 
rarely, however, is evidence sufficient to indicate at all definitely the 
number of genes concerned. 

Table XL — Frequency Distribution fob Corolla Length in a Cross 
BETWEEN Varieties op Nicotiana longiflora Cav. (From East) 


Class centers, millimeters 



34 

37 

40 

|43: 

46 

49 

52 

55 

58 

61 

64 

67 

70 

73 

76 

79 

82 

85 

88 

91 

94 

97 

100 

Pi 

Pi 

i 

1 ^ 

21 

140 

49 


! , ^ 













13 

46 

91 

19 

1 

Fi 








4 

10 

41 

75 

40 

3 







F 2 







1 

5 

16 

23 

18 

62 

37 

25 

16 

4 

2 

2 







' • 















Genetic Evidence for Multiple Factors. — The chief difficulty in 
making a multiple-factor analysis of quantitative traits lies in the fact 
that the various genes concerned ail affect the same character, with 
the result that it is difficult to demonstrate their individual existence 
and independence. Conclusive proof that such genes actually exist is 
furnished only when we are able to isolate them and study their individual 
effect just as we do for those which determine other characters. 

Ill a few cases, as in the inheritance of height in peas studied by 
Mendel, there is evidence that a single gene produces a marked and easily 
recognizable difference in a quantitative trait. In this same species it 
has now been shown (de Haan) that there are at least three pairs of 
genes, independently inherited, which determine plant height and that 
the particular effect of each of these is distinguishable from that of the 
others. In oats, there are three distinct dwarf types, each produced by 
a different gene; and a considerable number of other cases might be 
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cited where several genes, each recognizably distinct in its action, affects 
a single quantitative character. 

Still more definite evidence has been obtained from linkage experi- 
ments where it can be showm that genes affecting size are definitely 
linked with genes for qualitative characters and thus evidently occupy 
definite positions in the chromosomes. Lindstrom, for example, has 
demonstrated the presence of a major gene for fruit size in one of the 
chromosomes of the tomato and has determined its linkage relations with 
three other genes there; and he has shown that genes influencing fruit 
size occur in at least two other chromosomes. Lindstrom has also reported 
that specific genes controlling number of rows of kernels on the ear of 
maize are present in at least four of the chromosomes of this species. 

In Drosophila a series of genes affecting body size have been isolated 
and their linkage relations determined. Among these are two “giant” 
genes and two “dwarf ” ones. In Drosophila, too, Warren has been able 
to establish the existence of genes for egg size in all four linkage groups, 
and to prove that they differ in the intensity of their effect and behave in 
inheritance like ordinary genes, segregating purely, showing independent 
assortment with those size and other genes which occur in different 
chromosomes, and showing linkage with those which occur in the same 

chromosome. , • , , ^ 

In beans Sax finds that a gene which increases seed weight by 5 or 6 
centigrams is linked with a gene for pigmentation of the seed coat. 
Hoshino has shown linkage between a gene for flower color and one for 
flowering time in garden peas and presents evidence that flowering time 
is determined by two genes, one linked with flower color and the other 
independent of it. 

In Datura characters such as height of plant, area and thickness of 
leaves, shape of capsules, diameter of vessels, size of starch grains, width 
of vascular bundles, and many others have been found to be influenced 
by most, or all, of the 12 pairs of chromosomes, suggesting that genes 
controlling these characters are numerous and widely distributed. 

The Character of Gene Action in Quantitative Inheritance. Most 
quantitative traits are relatively simple in their outward expression, and 
differences between them can readily be stated in units of measurement. 
The developmental processes which interact to produce these differences, 
however, may be very diverse. Thus in characters of body or oigan 
size, the. rate and the extent of cell multiplication and of cell enlargement, 
and the various other developmental processes which affect both of these, 
together determine the total amount of growth and thus ultimate size. 
Many distinct developmental processes are doubtless concerned in the 
determination of size differences. There is evidence in a few cases that 
these processes, to some extent, at least, are independent both genetically 
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and developmentally, and it is therefore to be expected that a very 
considerable number of genes mil ordinarily be concerned in the inherit- 

aiice of a quantitative trait. 

The particular effect of a given gene in quantitative inheritance is 
ordinarily difficult to distinguish because of the large number of genes 
involved,, and our knowledge of the part played by each is not nearly so 
complete here as it is for simpler traits. / There is every reason to believe, 
however, that these multiple genes are not all alike in their effects but 
that some primarily influence one developmental process and others 
another. A number of cases have already been cited where, as in plant 
height in peas, the particular effect of each of several different genes may 
be distinguished. This may be shown even more clearly in the effects of 
genes that control quantitative differences in the distribution rather than 
in the amount of growth. Thus in the inheritance of fruit shape in 
Cucurbita at least three genes controlling the ratio of length to width 
have been found, each with its distinct effect. In many other cases of 
shape inheritance similar differences may be recognized. It is therefore 
to be expected, in other cases of quantitative inheritance where the effects 
of single genes are too small to be distinguishable, that each of these, too, 
is specific in character. 

Furthermore, the same gene seems not to have the same effect in 
every indmdiial but to be influenced in its expression by the rest of the 
genotype in which it occurs. It seems clear that a gene affecting a 
quantitative trait does not add a given absolute amount to that trait 
^ is often assumed) but rather contributes a certain percentage. This 
is to be expected from what we know as to the nature of growth, which is 
ordinarily an exponential or ^‘compound-interest’^ process, and evidence 
pointing to the same conclusion is derived from a study of populations 
segregating for size. Thus the F 2 from a cross between races showing a 
quantitative difference usually does not show a symmetrical distribution 
when plotted in classes which are arithmetically equal (as it should if 
genes had the same effects in large as in small individuals) but is asym- 
metrical or “skewed” (Fig. 43 A), the mean being higher than the 
median (p. 147). This is what we should expect to happen if the segre- 
gating genes for size were multiplicative rather than additive in their 
cumulative effect, with the same gene producing a larger effect in a large 
individual than in a small one. It is as though the quantitative traits 
were sums of money accumulating at compound interest and that the 
segregating genes d^rmined the interest rates at which the accumula- 
tion is going on. That this is essentially what happens is further shown 
by the fact that if such a segregating F 2 population is plotted in classes 
which are logarithmically equal (a method which corrects for much of 
the percentage effect of gene action) a much more nearly symmetrical 
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distribution results (Fig. 43B). The problem of gene action in quantita- 
tive inheritance is doubtless far more complex than such a simple picture 
would indicate, but the student should realize at least that the multiple- 
factor hypothesis does not imply a constant absolute effect lor ea,ch gene. 
Here, as elsewhere, the developmental effect of a gene is conditioned by 

many other genes. , . , ' . 

It often happens that in crosses between two relatively pure types, 
which differ in a size character, the Fi approaches the larger parent 
rather closely, or even exceeds it, although subsequent analysis shows 
little emdence of dominance in the series of size genes. Such a resiilt i.s 
due to the general increase in size which is characteristic of highly hetero- 
zygous individuals. This phenomenon of heterosis, which wall be ^s- 
cussed in more detail in a later chapter (p. 285) is apparently due to the 
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arithmetically; plotted with classes equal loganthmicaUy. 

combined effects of a series of many genes which influence vigor and size 
and produce their maximum effect in a heterozypus individual. Hybrid 

vigor itself is thus interpreted in terms of multiple genes. > 

Significance of the Multiple-factor Hypothesis.— This conception of 
quantitative characters as controlled by series of multiple genes, there- 
fore seems well established, although from the nature of the traits con- 
cerned and the difficulty of identifying many of the genes, it is not so 
susceptible of clear demonstration as are many other genetic hypotheses. 
Its chief theoretical contribution has consisted in brining quantitatn^ 
or “blending” characters, at first thought to be radically Merent from 
qualitative ones, definitely under the operation of Mendelian P™eiples 
In practical breeding it has also proved of service in interpreting the 
behavior of quantitative characters which are economicaUy important. 
The fact that quantitative traits are apparently d^ to a series ol inde- 
pendent genes will evidently result in differences^ breeding behavior 
between individuals which are similar in appearance. ^ Two 
example, may have the same weight, but one may owe this to one group ot 
genes and the other to another group, with a consequent recombination ot 
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genes in the offspring of a cross between them. Thus a basis is provided 
for a logical explanation of the often conflicting results obtained by selec- 
tion. Under certain circumstances selection for a given quantitative 
character is no longer able to modify that character further; but if the 
selected race is crossed with a similar one from another source, selection 
among the progeny is often successful in modifying the character con- 
siderably. Evidently the first race contained only a limited number of 
genes for the character in question, and when these had become homozy- 
gous, no further change was possible. The introduction of different genes 
belonging to a series of multiple factors determining this character made 
it possible to obtain a stock mth a larger number of genes and thus to 
establish the character on a permanently higher level. 

Methods of Biometrical Analysis. — The object of biometrical analysis 
is to treat a mass of data in such a way that the essential facts which 
these embody may be expressed in very simple terms, usually by single 
values or constants. When two groups of individuals have been measured, 
it is thus possible to compare them readily and accurately by comparing 
their constants, whereas a comparison of the mass of original measure- 
ments themselves would lead only to vague and uncertain conclusions. 

Several biometrical constants are of particular usefulness. One 
is the arithmetic average or mean, which expresses the type or character 
of a population for a given trait and makes possible a comparison, 
vdth regard to magnitude, of two populations. Other constants are the 
standard denation and the coefficient of variation, which measure the 
variability of a population. The standard error serves as a measure of 
the reliability of a given constant. Other constants are employed in 
analysis according to the nature of the particular data and the problems 
involved. 

The present discussion presents in elementary fashion some of the 
biometrical methods which are of particular value to students of genetics. 
For a more detailed discussion of this important subject the reader is 
referred to other sources (Davenport andEkas, Fisher, Yule and Kendall). 

Measurement — Before biometrical analysis can be undertaken, 
it is obviously necessary to measure carefully all the individuals of the 
particular group which are to be studied for a given trait. That these 
original measurements should be made as accurately as possible goes 
without saying. No amount of statistical treatment will evolve sound 
results from unsound data. It should always be borne in mind that the 
statistical analysis of a mass of data adds nothing new thereto but 
merely reduces these%ata to a simpler form wherein we may be able to 
perceive certain relationships which would otherwise escape observation. 

Classification —The hmt step in simplifying the large and often 
confusing array of figures which results from the measurement of a 
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o- oup of individuals with regard to a given quantitative character is to 
Srange and classify them in a systematic fashion. In the figures 
for weio-ht of 200 men, for example, which are given in Table XVII, at the 
end of '’this chapter, the lightest individual weighs 95 pounds and the 
ethers are scattered all the way along between that figure and the weight 
of the heaviest man, 195 pounds. If these 200 measurements are 
arranged in order, something has been done to simplify matters. How- 
ever a much clearer picture of the make-up of this particular group of 
men as far as weight is concerned, is obtained, if, instead of studying 
these men as individuals, each of them differing from every other they 
are divided into a comparatively small number of groups or classes, 
nlacing together in each class those who are nearly alike in body weight. 
In such a frequency distribution the relative numbers of individuals who 
are light, who are heavy, or who hold any given intermediate Position 
are seen at a glance. What the limits of the classes are, provided the 
classes are numerous enough and of equal value, makes no great differ- 
ence although, of course, the division of a population into a large number 
of classes with narrow limits gives a correspondingly more accurate 
picture of its composition than a division into a smaller number of 

In Table XII, the 200 weights presented in Table XVII have been 
arranged into eleven 10-pound classes, the class limits in each case being 
stated and the number of individuals which fall within that particdar 
class being given. Thus, in the class which includes individuals weighing 
from no to 119 pounds there are 10 men, the weights of whom are 114, 
115 118 111 114, 116, 119, 112, and 119 pounds. In the next larger 
class are 31 and so on. The procedure in making such a classification 
is to establish arbitrarily the extent and limits of each class then to 
check through the whole mass of data, placing each indmdu 
proper group. 

Table XII.— Classification, fok Weight, of the 200 Men 


Class limits 

90“ 

99 

100” 

109 

110- 

119 

120- 

129 

130“ 

139 

140- 

149 

150“ 

159 

160" 

169 

170- 

179 

180- 

189 

190- 

199 

Value of class cen- 
ter (V) ...... 

95 

105 

115 

125 

135 

145 

155 

165 

175 

185 

195 

Number in each 
class • 

1 

2 

10 

31 

54 

48 

27 

14 

11 

1 

1 


Thus the first man in Table XVIi, Whose weip m LOO ^ 

go in the daes 130-139; the second, 186 pounds, in ““ 

L through the list. An equaUy useful elassilcation would result 
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the class limits were set at a different series of points, such as 145-154, 
155-164, and so on. The number of indi\dduals in the various classes 
will vary slightly, depending on the particular class limits chosen, but 
this variation is usually negligible. It is important, however, to decide 
exactly w^hat the limits of each class shall be, so that no confusion may 
arise as to the placing of an individual. In the case here explained the 
third class, for example, includes all weights from 110.0 to 119.9 pounds, 
inclusive. An indi\’idual weighing 109.9 would go in the class below, 
one w'eighing 120.0 in the class above. It is also necessary to determine 
for each group its class center, the value which in later computations is 



Fig* 44. — Frequency polygon and frequency curve showing variation in weight of 200 
college students. A graphic representation of the data in Table XII. 

used to stand for the weight of all the individuals in that class. ^ In 
the case cited it would be 115 pounds. 

The Frequency Polygon . — ^lien the original data have thus been 
classified, it becomes much easier to study the relative frequency of 
the various weights and so discern the character of the group as a whole. 
These facts may be brought out much more vividly, however, if, instead 
of studying the figures alone, a graphic representation of them is con- 
structed, the so-called frequency polygon oi frequency curve. If a hori- 
zontal line is divided evenly into segments or abscissas representing the 
number of classes into which the individuals have been grouped and if 
upon each of these segments is erected a column the height of which is 
proportional to the number of individuals in that class, a figure results 

t The class center is taken to represent the average value of all the members of the 
class, and the larger the number in the class, the closer the class center will approxi- 
mate this value.' 
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which presents graphically the composition of the entire group. If the 
various class centers are united by lines, a frequency curve results. The 
polygon and the curve representing the body weight of the 200 iiien here 
studied are given in Fig. 44, which, it vili be seen, is merely the graphic 
representation of the figures presented in Table XII. 

The most striking characteristic of this group of individuals is that 
the various weights are not distributed at all evenly throughout the 
population; there are comparatively few very light and comparatively 
few very heavy men, but as a point midway between the two extremes 
is approached the size of the classes progressively increases until it 
reaches its maximum near the median line of the figure. In other words, 



Fig. 45. — A normal curve. Perpendiculars are erected above and below the mean at points 
once, twice, and three times the distance of the standard deviation from the mean. 

the bulk of this population consists of individuals that are intermediate 
in, weight. 

The Normal Curve . — Such a curve is found very commonly wherever 
a group of individuals is classified according to any quantitative char- 
acter. It tends to approach what mathematicians call the normal curve 
(Fig. 46), a curve representing the relative frequency with which, accord- 
ing to the laws of probability, various consequences may be expected to 
ensue from the simultaneous action of many independent causes. For 
example, if six coins were to be tossed simultaneously, the chances of 
their all falling heads would be very slight and would be expected only 
once out of (2)® times, or 1 time in 64. The chance of throwing five 
heads and one tail is somewhat greater; of four heads and two tails 
greater still; and the Combination of three heads and three tails is the 
most likely of all. The chances of two heads and four tails, one head and 
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ive tails, and six tails are progressively less and less.^ The particular 
combination that appears in any given case is the result of six independent 
variables. The chance that they will all tend in the same direction is 
slight, and it is much more likely that some will tend one way and some 
another. Plotting the results of the interaction of these causes that 
may be expected on the basis of pure chance produces a curve which 
approaches more and more closely to the normal curve as the number of 
factors increases. The normal curve may be expressed by a rather 
complex equation which need not be considered here. Some of the 
properties of this curve, however, are of much importance biometrically 
and mil be discussed later in this chapter. 

That a group of individuals, classified for a given quantitative char- 
acter, so commonly shows a curve like this leads one to suspect that such 
characters are affected by a series of factors or influences either in the 
environment or in the genetic constitution. Some of these factors tend 
in one direction and some in the other, the character, resulting from their 
interaction, usually finding its position at a point intermediate between 
the two extremes. 

The division of a mass of data into classes and the plotting of these 
classes in a polygon or curve helps greatly in presenting a simple picture 
of the size relations of a given group. However, it is still far from provid- 
ing the two determinations that are sought— a quantity that shall 
stand for the group as a whole, and another that shall measure the varia- 
tion within the group. These two constants must be derived from a 
study of the classified data. 

The Mode . — In an ordinary curve there is usually one class, com- 
monly situated about midway between the two extremes, which contains 
more individuals than do any of the others. This is known as the modal 
class or the mode. For the group of men studied, the class from 130 to 
139 pounds (Fig. 44) is the mode. Since the inode is the most populous 
and ^fashionable of all the classes, it may be taken as a rough indication 
of the type of the population as a whole. If a single individual were to 
be selected as typical of the group, it would probably be chosen from 
among the members of the modal class. 

The Mean*— The mode, however, is often considerably nearer one 
extreme than the other, and there also may be two or more classes of 

^ The probable chances of each of these combinations, on the basis of 64 throws, 
correspond to the coefficients of the various terms in the expansion of the binomial 
(a + 6)®, which is: a® -f + 20a%^ -f 15a^6^ 4- + ¥. There would 

thus be 1 chance out of 64 for all heads, 6 chances for 5 heads and 1 tail, 15 chances for 
4 heads and 2 tails, 20 chances for 8 heads and 3 tails, 15 chances for 2 heads and 
4 tails, 6 chances for 1 head and 5 tails, and 1 chance for all tails. Plotting these 
coefficients gives a curve that begins to approach the normal one. 


MULTIPLE-FACTOR INHERITANCE 


141 


equal or almost equal size, so that, as a quantity which shall represent 
the group as a whole, the mode is not satisfactory. The figure that 
best serves this purpose is the arithmetical average, or mean. This 
constant may, of course, be obtained by adding the values for ail the 
individuals and dividing this by the total number. A simpler method, 
and one substantially as accurate, is to classify the individuals (as has 
already been done for the group of men under consideration) and then to 
multiply the value of each class by the number within it, add these 
products, and divide by the total number of individuals. The value 
(class center) which is used to stand for the entire class is the one halfway 
between the twm extremes included in the class. In the weight classes 
that have been used here, this value falls at 105 pounds, 115 pounds, 
125 pounds, and so on. ni is commonly employed to denote the mean, 
F the value of a given class center, / the number of individuals in a class 
(the class frequency), and n the total number of individuals, 
the mathematical symbol for summation. Thus 

2/F 

m = 

n 

Table XIII. — The Determination of the Mean (Long Method) 


IS 


V 

f 

fv 

95 

1 

95 

105 

2 

210 

115 

10 

1,150 

125 

31 

3,875 

135 

54 

7,290 

145 

48 

6,960 

155 

27 

4,185 

165 

14 

2,310 

175 

11 

1,925 

185 

1 

185 

195 

1 

195 

Total 

200 

28,380 


In determining these biometrical constants the classes are arranged in 
a vertical, rather than in a horizontal, column as in the plotted curve. 
In Table XIII the class centers of the group of men being studied, for 
weight, are thus placed under V with the corresponding number of indi- 
viduals at the right of each class center, under/. The third column (/F) 
contains the products of each class value by its class frequency. Using 
the formula given above, the mean is 
28,380 


200 


141.9 pounds^ 


A simpler method of determining the mean will be explained later. 
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This is the average weight of the group under consideration and gives 
important information as to this particular trait in these indi\dduals. 
The mean often lies within the modal class but in an asymmetrical curve 
may be far on either side of the mode. 

The Average Deviation . — More difficult to arrive at is a measure of 
variation. Two populations may have the same mean but may differ 
markedly in their variability. In one the individuals may be grouped in 
a fairly compact body, vith the extremes not far apart, and in the other 
they may be dispersed over a much greater distance. Two frequency 
curves, one with high and one with low variability, are shown in Fig. 46. 
An inspection of the frequency curve will give a general idea of the degree 
of variability, but to measure this requires: first, the establishment 
of a definite point vith reference to which variation can be determined; 
and, second, a measurement of the deviation of each individual from this 
point. The mean is the most obvious point from which to measure 
variation. Once this has been established, it is a simple matter to 
determine the deviation of each individual (or class) from this mean and 




Fig. 46. — Differences in variability indicated graphically. At left a curve representing 
a population of comparatively low variability. At right, one representing a population 
of the same size but greater variability. 


thus to arrive at the average amount of deviation displayed by the popula- 
tion as a whole. Letting d represent the deviation of an individual or 
class from the mean, the average deviation will be Xfd/n. This quantity 
may be used as an approximate measure of variation. In Table XIV the 
V and / columns are as before, but there have been added the columns d, 
giving the deviation of each class from the mean, md fd, the product of 
the deviation of each class by the number of individuals in it. The sum 
of the column fd divided by the total number of individuals will thus 
give us the average deviation from the mean. This will be, in the exam- 
ple, 2,572.4/200, or 12.86 pounds. 

The Standard Deviation. — more accurate method of measuring 
variation, however, is to square the deviations and then extract the 
square root of their sum. The reason may be suggested by the familiar 
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T'iBLB XIV. — The Deteemination op thj; Average Deviation and the 
Standard Deviation (Long Method) 


V 

/ ' 

d 

fd \ 

fd^- 

95 

1 

46.9 

46.9 

2 , 199 . 61 

105 

2 

36.9 

73.8 

2,723.22 

115 

10 

26.9 

269.0 

7,236.10 

125 

31 

1 16.9 

523.9 

8,8,53.91 

135 

54 ' 

6.9 

372.6 

2,570.94 

145 

48 

3.1 

148.8 

461.28 

155 

27 

13.1 

353.7 

4,633.47 

165 

14 

23.1 

323.4 

7,470.54 

175 

11 

33.1 

364.1 

12,051.71 

185 

1 

43.1 

43.1 

1,857.61 

195 

1 

53.1 

53.1 

2,819.61 


200 


2,572.4 

52,870.00 


200 




52,870 
“ 200 


= V264.35 = 16.26 pounds 


example of shooting at a target. A shot to be 6 inches from the bull s- 
eye must be somewhere within a total area of approximately 1 square foot. 
If the deviation from the bull’s-eye is twice as great, or 1 foot, the total 
area within which the shot may lie is not twice as great as before but the 
square of twice, or four times as great, since the area within a 1-foot 
radius of the center is approximately 4 square feet. Thus it is four times 
as hard to get within 6 inches of the buU’s-eye as it is to get mthm a foot 
of it‘ and in comparing the rifle score of two persons (their “variability 
in marksmanship), it is evidently fairer to square the distance of each 
shot, average these squared values and then extract the square root o 
this average, than to average the actual distances themselves. Ihis is 
the method commonly followed in biometry and the resulting constant is 

known as the standard deviation, (T, its formula being: 

ff = Vs/dV^- 

To obtain this it is necessary to add another column to the table, 
that of the squared deviation of each class multiplied by its class re- 
quency, or/d^ This may, obviously, be obtained by 
and fd columns, and such a column has bee n added toTable XIV. 
stanLd deviation in the example is thus 16.26 pou^^^^ 

The Short Mei/iod.— The determination of mean and standard devi- 
ation in this way usually involves, as here, complex fractional values and 


144 


PRINCIPLES OF GENETICS 


' niiicli arduous calculation. A much simpler method has been 
devised which is Just as accurate and which avoids the use of fractions 
(Table XV). This method, briefly, is to assume that the mean falls on 
an even class value, to measure the deviation from this assumed mean, a, 
and to make the necessary corrections at the end of the calculation. The 
mean may be assumed at a class which by inspection can be seen to be 
rather close to the true mean. If this is done, the deviations will be rela- 
tively small, but some will be plus and some minus, involving an extra 
operation in calculating. It is a common practice to assume the mean 
at the smallest class or at zero, so that all the deviations are plus in sign. 
These de\dations should be treated as units regardless of the actual class 
intervals and the calculations made on the basis of these units, thus 
avoiding the necessity for large numbers if the class interval is more than 1. 
The proper correction can be made by multiplying at the proper time by 
the class interval, f, will bring the results back to the unit of 

measurement employed. The class interval in our example is 10, since 
the classes used are 10-pound classes. 

In Table XY the columns are arranged as in the long method (Table 
XIV), but the mean is assumed to be at the low’-est class value, and the 
intervals are units instead of tens. Deviation from the assumed mean is 
represented by d' to distinguish it from the true de^/iation, d. The d', 
/d', and /d'^ columns are evidently obtained much more easily than by 
the long method. 

The sum of the /d' column divided by the total number of individuals 
and multiplied by the class interval gives the average deviation from the 
assumed mean, in the units employed. It will be evident that this 
represents the difference between the assumed mean and the true mean, 
so that, by adding this quantity to the assumed mean, the true mean is 
easily determined. 

The formula for the mean by the short method is thus: 

In the present example w = 95 + lO(^^^^oo) - 141.90 pounds 
^ the same value as was obtained by the long method. 

The short method is equally valuable in determining the standard 
deviation. The/d'^ column is found as in the long method but, as with 
the mean, a correction must be applied before it is used. This is done 
by ssubtracting from the sum of the column the square of the correc- 
tion factor, (S/dVn)\ before the square root is extracted. The final 
result must, of course, be multiplied by the class interval to bring it back 
to the units of measurement employed. 


iftsi 


MULTIPLE-FACTOR INHERITANCE 145 

The formula for the standard deviation by the short method is thus: 

In the present example this is 


- (4.69)2 = 16.26 pounds' 

This is the same value as was obtained, much more iaboriousiy, by 
the long method. 

Table XV, — The Determination of the Mean, Standard Deviation, 

AND Coefficient of Variation (Short Method) 








H 













a - 95 pounds 
i = 10 


Wi = a+ «(^) = 95 + 10^5^) = 141.90 pounds 

- (“)' = 10 Vw ~ = 10-26 pounds 


(T X 100 16.26 X 100 


= 11.46 per cent 


The Coefficient of Variation. — The standard deviation is, of course, 
always in terms of the units used (pounds in our example), and its useful- 

^ Wherever the original measurements are grouped into classes to each of which is 
assigned the value of its mid-point, a slight error is evidently introduced, since we 
assume that the value of the mid-point is always the mean of all the individuals in the 
class. Where number of individuals is high or the* classes relatively few, Sheppard’s 
correction may be applied. (Yule and Kendall, p. 140.) 





principles OF GENETICS 

„es. lies in compnrins the variability ot groups ol individuals ,*h regard 
to the same character. It is often necessary, however, to compare 
va^bility in one character with variability in another, lor example the 
rrSaon in the weight of the men studied with the vanateou m their 

sanation _ standard deviation is useless, since 

S; and Ldiefeanno? be compared. To avoid this difficulty the 
coeMcient of varicdion, v, is employed, which is merely the standard 
deSon didded by the mean and expressed as a percentage, its formula 

being 

(T X 100 




m 


which in the example is 1,626/141.90 or 11.46 per cent. 

Other Coiistaiits.-There are several other cons ants employed by 
biometricians and sometimes useful in genetics, the derivation of whicli 
will be briefly discussed here. 

The mo/has already been mentioned. It is the class which contains 
the lar-rest number of individuals. In genetically pure populations, 
where the individuals differ only because of environmental causes; in 
populations segregating for many genes; or in any other group the mein- 
Lrs of which differ because of a series of chance factors, the curve wi 
approach symmetry and the mode will lie near its center Sometimes, 
hoLver, there are two modes, separated by classes of smaller size, 
forming a two-humped or bimodal curve; and more rarely the curve may 
be multimodal. Such a condition indicates that the population consists 
of a mixture of two or several markedly different types. 

It is often important to know the point which divides a population 
into two equal parts, half of the individuals lying above and half helow. 
This point is known as the median. It can readily be found by arranging 
the individuals in order of magnitude and determimng the position ot 
the middle one or the point between the middle pair. Where grouping 
into classes has been made, the class in which the midmost individual 
must be can easily be found. The position of the median in this class 
may be determined by first finding what proportion of the individuals 
in it are necessary, when added to the sum of the individuals in all the 
classes helow this, to complete half the total population; and then by 
adding to the lower limit of the class this same proportion of the entoe 
class range. Thus if the class in which the midmost individual lies 
ranges from 30 to 34.99 mm. and contains 15 individuals and if 3 of these, 
added to all below, will make up 50 per cent of the whole, then M. 5 oi 
the distance from 30 to 35, or 31, is the median. 

Where the curve is perfectly S3mimetrical, the mean and the median 
obviously are the same. Most populations, however, show some asym- 
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metry or skewness, which occasionaUy becomes so marked that one «de 
of the curve slopes steeply up and the other gradually downward. The 
more skewed the curve is, the farther mil the median be troni the mean; 
and this distance, expressed in relation to the variability of the popula- 
tion, may be used as a measure of the degree of skemiess, a value which 
it is often important to determine. The most commonly used formula 
for expressing the degree of skewness is 

3(m - Md) 
s — ' — ' 

cr 

w^here s is the degree of skewness and nid the median.^ , , , i . , 

Measures of ReliabiUty.— The group of indmduals from which 
a given constant is derived (the 200 men here studied for example) 
are evidently only a small sample drawn from the 
of which they form a part. How reliable a constant is mil evidently 
depend in part on how big the sample is. A mean weight 
a sample consisting of only 10 men will command much less confidence 
than one derived from a sample consisting of 1,000 men, for the bigger 
the sample, the more accurately will it represent the entire population 
But this is not the only criterion of reliability. If two samples are of 
the same size but differ in variability, more eonfidence is to be placed in 
constants derived from the less variable sample, since in such a group it 
takes relatively few individuals to establish the character of the whole 
The Standard Error— These two qualities, therefore— the size and 
the variability of the sample or group studied— may be used to provide 
a measure of the reliability of constants derived from it. Such a measure 
is the standard error, an understanding of which requires a brief dis- 
cussion of probability and of the properties of the normal 

If a series of samples were to be drawn from the same populat on 

as the one studied, the constants derived ^^em T^'^t^vc a^mean 
same Another group of 200 college men would doubtless gii^e a mean 
wdght somewhat different from 141.90 pounds. I the differences 
were due entirely to chance and the samples entirely random ones, 
it is a fair assumption from our knowledge of probability that few samp es 
would be relatively low, and few relatively high, and 
be intermediate in value. Furthermore, if a large group of these san p 
nieans were plotted, they would be found to form the same mormal 
curve as did the individual measurements themselves. The standard 
error is the standard deviation of mch a curve. 

sample is at hand, this curve cannot be constructed^and , 

the size and the variability of this single sample, however the standard 

deviation of a group of constants similarly^ (te more 

since the more variable the sample, in relation to its size, the 



variable might constants be expected to be which were derived from 
similar samples. 

The formulas used to derive the standard error of the mean, standard 
deviation, and coefficient of variation are as follows: 

Standard error of the mean, 



In our example crs is thus 16 . 26/ \/200 — 1.149 pounds. 

Standard error of the standard deviation, 

<7 

(T„ = — 7 ^ 

V 2w 

In our example is thus 16 . 26/\/400 = .813 pounds. 

Standard error of the coefficient of variation, 

Where p is small, • 10 per cent or less, the quantity under the second 
radical may be omitted. In our example is th us .588 per cent. 

Standard error of a ratio (p. 57) ar = \/pqln. 

The standard error of a constant is placed directly after the constant 
with a ± sign between the two. Thus the mean in our example would be 
expressed as 141.90 ± 1.149 pounds; the standard deviation as 16.26 ± 
.813 pounds; and the coefficient of variation as 11.46 ± .588%. 

The usefulness of the standard error in measuring the reliability of a 
constant is dependent upon certain relations between the normal curve 
and its standard deviation. Normal curves may differ from each other 
considerably in variability, or, in other words, they may have very differ- 
ent standard deviations; but in one respect they are ail alike, namely, 
in the proportion of their area (or the number of individuals which this 
represents) which is included between the mean and any multiple of the 
standard deviation. In Fig. 45 there is represented a typical normal 
curve, with perpendiculars erected below and above the mean at points 
once, twice, and three times the distance of the standard deviation from 
the mean. It can be proved that the area of the curve which is included 
betw^een the perpendiculars at --l<rand -|-loris.6826 of the whole ; between 
— 2cr and +2cr, .9544; and between —3(7 and +3(7, .9974. Table XVI gives 
the percentages of the total area of the curve included between the limits 
set by various multiples of the standard deviation above and below the 
mean, and also the percentages of the curve lying outside these limits. 
Regardless of the absolute size of the standard deviation (and thus of the 
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'va.riability of the curve), these values are the same for all normal curves 
and thus tiieoretically for all populations which vary solely by chance 
for any quantitative trait. 

The importance of this property of the normal curve for our present 
problem is now obvious; for if the value of the standard error of a constant 
is known (which is simply the standard deviation of a population of 
constants similarly derived), we shall have a criterion of the reliability 
of this constant. Since 68.26 per cent of a normal curve (and thus of a 
population distributed purely by chance) may be expected to fall within 
the limits set by the mean plus its standard de\dation and minus its 
standard deviation, we know the limits within which a constant derived 
from another sample may be expected to fall 68.26 per cent (approxi- 
mately two-thirds) of the time. Thus when it is found that the mean 
weight of our group of men is 141,9 ± 1.149 pounds, this tells us that 
another sample from the same population would have, about two times 
out of three, a mean between 141.90 + 1.149 (143.049) and 141.90 — 
1.149 (140.751). The standard error for the other constants is to be inter- 
preted in the same way. Evidently the higher its standard error is, 
the less reliable is the constant. A mean of 10 ± .5 and 10 + 5.0 are of 
markedly different value, since in the first, another sample will in two- 
thirds of the cases fall close to the determined figure (between 9.5 and 
10.5), and the constant is thus to be relied upon as lying near the true 
mean for the whole population; whereas in the second the latitude is so 
great (between 5,0 and 15.0) that the constant is relatively valueless. 
The standard error, as a criterion of reliability, is thus an important 
adjunct to any biometrical constant, and the reason for its significance 
should be clearly understood. 

The Probable Error. — The probable error, often used in biometrical 
work, is simply .6745 times the standard error. It measures the limits 
mthin which half the area of the normal curve will be included and thus 
within which the chance is even (rather than two out of three) that a 
constant derived from another sample will fall. 

The Significance of Deviations from Expectation. — A knowledge of the 
standard error of a constant or other quantity is also useful in enabling- 
one to judge whether a given deviation from some particular expectation 
is due merely to chance or is really a significant deviation which must be 
explained on other grounds. Table XVI is particularly useful here. The 
second column shows the percentages of the area of the normal probability 
curve which falls within limits set by ± various multiples of the standard 
deviation. The third column gives the percentages which would fall 
outside these limits. It is thus possible to determine how frequently any 
deviation from the mean expressed as a multiple of the standard devia- 
tion) may be expected to occur by chance alone, thus providing a means 
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Table XYL — Percentages op the Normal Curve Lying between, and 
Lying Outside op, the Limits Set by the Mean Plus and 
Minus Various Multiples of the Standard Deviation 


Multiple of standard 
deviation 

Percentage of total area 
of normal curve lying 
between mean plus this 
multiple and mean minus 
this multiple 

Percentage of total area 
of normal curve lying 
outside these limits 

.2 

15.86 

84.14. 

.4 

31.08 

68.92 

.6 

45 . 14 

54.86 

.8 

57.62 

42.38 

1.0 

68.26 

31.74 

1.2 

76.98 

23.02 

1.4 

83.84 

16.16 

1.6 

89.04 

10.96 

1.8 

92.82 

7.18 

2.0 

95.44 

4.56 

2.2 

97.22 

2.78 

2.4 

98.36 

1.64 

2.6 

99.06 

.94 

. 2.8 

99.48 

.52 

3.0 

99.74 

.26 


of judging its significance. For example, if a given population, normally 
distributed, has a mean of 150 and a standard deviation of 10, we know 
that 68.26 per cent of the population lies between 140 and 160 (150 + 10 
and —10) and that 31,74 per cent of it lies beyond these limits. This is 
the same as saying that a deviation of 10 or more will occur in 31.74 per 
cent of the cases. We also know that 83.84 per cent of the population 
lies between 150 ± 1.4 X 10 and thus between 136 and 164 and 16.16 per 
cent beyond these limits, which again is the same as saying that a devia- 
tion of as much as 14 (1.4 X 10) will occur by chance in 16.16 per cent 
of the cases. Between 150 ± 2 X 10, or between 130 and 170, lie 
95.44 per cent of all the individuals, so that only 4.56 per cent of the time 
will there be expected to be a deviation as great as 20 by chance alone. 
If a deviation as great as this, in proportion to its standard error, is found, 
the probability is very slight (only about one chance out of 22) that it is 
due to chance alone, and we are Justified in attributing it to some other 
factor. 

In genetics, the commonest use of this relation between the normal 
curve and its standard deviation is in comparing observed ratios with 
theoretically expected ones. In an earlier chapter a ratio of 

78:22 per cent, based on an observation of 600 individuals compared 
with the. theoretical expectation of 75:25 per cent. The deviation here 
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is 3 per cent, and the standard error of the ratio 75:25 per cent with 
500 ijidividiials is 1.936 per cent. Hence the deviation is 1.55 times as 
aTt^at as the standard error of such a ratiOj and an inspection of Table XYI 
siiOYCs that as large a deviation is expected in more than 10.96 per cent 
of similar cases and is thus probably to be explained as the result of 
chance alone, indicating that the fit of observation with expectation is 
reasonably close and that this population may therefore be regarded as 
an example of a 3 : 1 ratio. 

The Significance of Differences. — By another formula, it is possible to 
estimate whether the difference between two populations, the constants 
and standard errors for which are known, is really significant or only 
the result of chance. This is done by comparing the difference with the 
standard error of the difference. The latter is the square root of the sum 
of the squares of the standard errors of the two constants. It may be 
expressed thus: 

CTd = + (Tb^ 

where ad is the standard error of the difference, <ia that of one constant, 
and < 7 b that of the other. 

If, for example, one mean (or other constant) is 155 ± 6 and another 
140 ± 8, the question arises whether this is a really significant difference 
or merely a chance one. The difference is 155 — 140, or 15. Applying 
the formula above, the standard error of the difference is V" (6)^ + (8)^ 
or 10. The difference is thus 1.5 times its standard error, and one of this 
size would thus be expected to occur by chance more than 13 per cent 
of the time (Table XVI) . It is thus probably not significant. In general, 
a difference is not usually regarded as significant unless it is at least twice 
its standard error. 
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PROBLEMS 

198. The Fi generation from pure parent types differing in a size character 
is usually no more variable than the parents. Explain. 

199. If two pure types, differing in a size character, are crossed, is it possi- 
ble for individuals in the F 2 to be more extreme than either grandparent. 
Explain. 

200. Why is it, when selection has ceased to be effective in producing chanps 
in a given stock, that if this stock is crossed with another similar one, selection 
among the subsequent offspring is often able to produce a marked change. 

201. As a result of crosses involving a size character, it is often found that Fs 
families raised from selfed F 2 plants differ markedly in their variability. Some 
are almost as low as the original parents, some a little higher, and some as high 
as the F. itself. None exceeds the F 2 in variability, however. Explain these 

facts. 


202. It frequently happens that one character of a plant, such as number of 
seeds, is much more variable than another character, such as weight of seeds. 
What explanations for this difference can you suggest? 

203. Certain groups of individuals, when their frequency distribution is 
plotted, show a bimodal or multimodal curve. What different explanations can 
you make for this fact? 

iVofe.— Assume that in man the difference in skin color between negro_ and 
white is due to two pairs of factors; that AA BB is “black” and aa bb “white’’; 
and that any three of these factors produce “dark’’ skin; any two, ^ medium , 

and any one, “light.” . 

204. What will be the skin color of the offspring from a mating ot white 
with black? From a mating of two individuals genotypically like these Fi 

offspring? 

206. What are the genotypes of the parents in the two following matings 
of negroes: medium X light, giving one-eighth dark, three-eighths medium, 
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t!iree-eip:litlis light, one-eighth white; medium X light, ghiiig oiie-liaif medium 
and one-half light? 

206. Gan two negroes have wdiite-skinned offspring? Can two white-skinned 
people liaA^^e dark-skinned offspring? Explain. 

207. Assume that the red kernel color of a certain race of wheat is due to 
the presence of three independent factors A, B, and C, Any one of the factors 
singly will cause the red color. White is aa bb cc. "V^^at are the genotypes of 
the parents in each of the following crosses: red X red giving 3 red to 1 white; 
red X red giving 15 red to 1 wiiite; red X red gi\ing 63 red to 1 wiiite; red X red 
giving 7 red to 1 wdiite; red X wiiite giving 1 red to 1 w^hite; red X wiiite giving 
3 red to 1 wiiite; red X wiiite giving 7 red to 1 white; red X w^hite giving all red. 

208. Assume that the difference between a race of oats yielding about 4 grams 
per plant and one yielding 10 is due to three equal and cumulative multiple factor 
pairs A A BB CC, Cross one type with the other. What will be the phenotypes 
of the Fi? of the F 2 ? 

209. Assume that in squashes the difference in fruit weight betw^een a 3-poiind 
type and a 6-pound type is due to three factor pairs A A, BB, and CC, each factor 
contributing yi pound to fruit w’-eight. Cross a 3-pound plant {aa bb cc) with a 
6-pound one. What will be the phenotypes of the Fi? of the Fo? 

210. In the following squash crosses, what will be the range in fruit weight 
of the offspring, on the previous assumption? 


Aa Bb CC X aa Bb Cc 
AA bb Cc X Aa BB cc 


AaBb Cc X Aa Bb Cc 
aa BB cc X A A BB cc 


211. A breeder has three squash plants each of w^hicli bears 4-pound fruits. 
Plant 1, when selfed, breeds true to 4-pound fruits. So does plant 2. In plant 3 
the offspring range from 3 to 5 pounds. Plant 1 crossed with plant 2 gives 
offspring all of 4 pounds, but their offspring w^hen inbred range from 3 to 5 pounds, 
and selection cannot increase this above 5 pounds. Plant 1 crossed with plant 3 
gives offspring which range from 3J^ to 4>i pounds, and selection among their 
offspring can raise the fruit weight to 6 pounds. Plant 2 crossed with plant 3 
gives offspring which also range from SK to 4H pounds, but selection among 
their offspring is able to raise fruit weight only to 5 pounds. Give genotypes for 
these three parent plants which will explain these results. 

212. Assume in the following five problems that the difference betw^een a 
corn plant 10 decimeters high and one 26 decimeters high is due (insofar as it is 
caused by inheritance) to four pairs of equal and cumulative multiple factors, 
the 26-decimeter plant being A A BB CC DD and the 10-decimeter one aa bb cc dd. 
What will be the size and genotype of an Fi from a cross between these two 
pure types? Give the limits of variation in height which the offspring of the 
following crosses will show: 


Aa BB cc dd X Aa bb Cc dd 
aa BB cc dd X Aa Bb Cc dd 


A A BB Cc DD X aa BB cc Dd 
Aa Bb Cc Dd X Aa bb Cc Dd 
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213- Two M-deeimeter corn plants, w^hen crossed, give notiiing but 14-deci- 
meter offspring. Two other 14-decimeter plants give one 18-decimeter, four 
16-decimeter, six 14-decimeter, four 12-decimeter, and one 10-decimeter plants. 
Two other 14-decimeter plants when crossed give one 16-decimeter, two 14-deci- 
meter, and one 12-decimeter plants. What genotypes for each of these 14-deci- 
meter parent plants would explain these results? By selection in any of these 
families would it be possible to get a plant taller than 18 decimeters? 

214. A breeder has a number of plants which are 14 decimeters high. He 
crosses some of these together, seifs their offspring, and selects among their 
offspring for increased tallness, for several generations. His results are as 
follows: 

Two throw ail 14-decimeter offspring, and selection fails to raise their height. 

Two others throw offspring varying from 10 to 18 decimeters, and selection 
among these fails to raise the height above 18 decimeters. 

Two others throw offspring varjdng from 12 to 16 decimeters, and selection 
is able to raise the limit to 22 decimeters. 

Two others throw offspring varying from 10 to 18 decimeters, and selection is 
able to raise the limit to 22 decimeters. 

Two others throw offspring varying from 10 to 18 decimeters, and selection 
is able to raise the limit to 26 decimeters. 

Explain, by giving parents^ genotypes for height, why these results obtain. 

21§. A breeder has a 26-decimeter starchy and a 10-decimeter sweet corn. 
Starchiness is dominant over sweetness and is due to a single factor. He wants a 
26-decimeter sweet corn. Assume that height is due to four factor pairs, as 
before. If he wants this new type of corn in two years, how many plants should 
he raise in the F 2 of the cross between tall starchy and short sweet to be reasonably 
sure of getting it? If he has more time, what would you advise him to do in 
order not to have to raise such a big crop in the F 2 and subsequent generations? 

216. Suppose that the difference between a 26-decimeter and a 10-decimeter 
corn plant is caused by four pairs of multiple factors (as in the previous examples) 
and that the difference between a one-stalked and a nine-stalked corn is also due 
to four other pairs of cumulative multiple factors. A breeder has a nine-stalked 
10-decimeter race and a one-stalked 26-decimeter race. He wants for silage corn 
a pure race 26 decimeters high, with nine stalks. If he wants it in two years, how 
many plants should he raise in the F 2 ? By spending more time how can he get 
it more easily? 

217. A breeder has a race of plants which has been self-fertilized for 10 
generations. He has repeatedly tried to increase the flower size of this race by 
selection, but to no avail. Explain why this is so. Finally, he crosses this 
race with another which is exactly similar to it in flower size. The hybrids 
resemble their parents, but by selection among the offspring of the hybrids the 
breeder is able in a few generations to increase the flower size considerably. 
•Explain why ' this is so. 

218. Find the mean, standard deviation, coefficient of variability, and their 
standard errors, of the heights in Table XVIL 
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219. Find the mean, standard deviation, coefficient of variabiiitjr, and their 
standard errors, of the chest girths in Table XYII. 

220, In what relative order do the variabilities of these men, in weight, 
lieiglit, and chest girth, stand? 

2'21, Suppose that one long inbred strain of spotted mice has for mean and 
standard deviation of the percentage of wffiite on the dorsal surface 10.3 and 1.98, . 
determined from 200 indi\dduals; and another strain, 23.7 and 3.01, from 317 
individuals. Are the means significantly different? Standard deviations? 
Coefficients of variation? 
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Table „XVII.~-Weight, Height, and Chest Girth of 200 Men 
(Data from Department of Physical Education, Connecticut State College) 










CHAPTER VII 

THE PHYSICAL BASIS OF INHERITANCE 


As lias been pointed out in an earlier chapter, the on ly physical lin k^ 
bet ween one generation and the next in sexual reprodiiction is the pab: I 
of gam etes, one from each parent, which by their fusion produce the j 
fir st cell of the new individual. These gametes differ greatly in size, 
structure, and method of development. In the lowest organisms they 
may be essentially like the rest of the cells of the body, but in the higher 
ones they have become specialized in various ways .^ uametes agree, 
however, in one important particular — e ach is a single^cell This cell, 
like the others which compose the bodies of organisms, is a minute but 
distinct bit of protoplasm, consisting of a nucleus and cytoplasm. It , 
is evident, however, that since this cell is the bridge a cross which t he 
entire in heritance of a par ent is transni itted to its offspring, it rnu st 
possess a highly complex organization. This organization has been 
shown to inhere chiefly in the many genes which direct the development 
of the great number of complex characters of the adult. These self- 
perpetuating genes pass through the gametes from generation to gener- 
ation, and thus form the basic units of heredity and of reproductive 
organization. 

Highly complex as each of these minute sex cells necessarily must 
be, we h ave no reason to believe that it differs radically from any of 
the other "cells which compose the plant or animal bo^ . All the vital/ 
activities of living organisms — metabolism, gro’wth, reproduction, and/^^ 
the rest — have their basis in protoplasm and necessitate therein a high 
degree of physical and chemical complexity. I nheritance is merely on e 
of the mffiife s&^ns of protoplasmic activity, and a n understm idmg « 

the mechanism of inheritance requires a knowledge of the general 
^ucture and activities of protoplasm as these find expression in living 
^Is. ] ~ ^ ~ ^ ' — ■ 

With regard to many of the fundamental problems relating to eelLs 
we are still entirely in ignorance, but cytological research has given ; 
us a picture of some of the more obvious details and, particularly in I 
recent years, has thrown much light upon the relationship between the ■ 
phenomena of cellular structure and activity (particularly as exemplified 
in gametes) and the facts of inheritance. A study of the physical . b asis 

of inheritance, therefore, should begin with a brief consideration of the 
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more important facts as to the structure of the cell and its component 
parts. 

The Cell.— -The bodies of all plants and animals consist of cells 
(Fig. 47) diverse in size, shape, structure, and function but alike in 
their more fundamental characteristics. They are, in general, very 
small. Ordinarily cells range from 0.1 to 0.01 mm. in diameter, many of 
them being very much more minute. In a cubic inch of some kinds of 
tissue there may thus be billions of cells. Each typically consists of a 
denser mass of protoplasm, the nucleus, surrounded by cytoplasm. 
The vegetative cells of plants normally have a large central vacuole or 



Fig. 4!7 ,' — A typical cell, cd, mitocliondria; ch, chromatin; cm, cell membrane; cn, 
eentriole; ca, centrosphere; cy, cytoplasm; g, Golgi apparatus; n, nucleus; nl, nucleolus; 
nm, nuclear membrane; ns, nuclear sap; p, plastids; pdiv, plastid dividing; v, vacuole. 
{From ShuU, La Hue, and Ruthven.) 

sap cavity and are surrounded by a rather rigid wall of cellulose. Animal 
cells usually lack a pronounced wall, and their vacuoles, even when 
present, are relatively small. 

The Nueleus— The nucleus seems to be the directive center of most 
of the activities of the cell. The fact that male gametes in animals and 
plants ordinarily consist chiefly of a nucleus and yet are equivalent to 
female gametes as carriers of inheritance indicates that this part of the 
cell is of major importance in the transmission of traits from parent to 
offspring, and much evidence from other sources supports this conclusion. 

In cells which are not in the process of division, the nucleus is pro- 
vided with a definite nuclear membrane. This surrounds a clear and 
homogeneous nuclear sap in which is suspended a network or reticulum 
of much denser substance, consisting chiefly of a material which stains 
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very readily and was early given the name chromatin. Portions of this 
threadlike reticulum stain much more readily than others, and sonu‘ 
observers regard the thread as consisting of granules or small masses of 
chromatin suspended upon an axis of linin. Present evidence indie ates 
that the differences between these materials are more apparent than real 
and that the nuclear network consists of a single substance which differs 
in its appearance and staining reactions at different times and under 
different conditions. This chromatin network, or more minute struc- 
tures included in it, is now looked upon as the actual seat of the hereditary 
factors themselves and has therefore been subjected to the closest 

scrutiny. _ . 

In addition to this reticulum most nuclei contain one or more dense, 

usually rounded bodies, the nucleoli. 

The Cytoplasm .— protoplasmic material of the cell outside the 
nucleus is known as the cytoplasm. Its groundwork is a clear, viscous, 
colorless liquid, but in this occur various differentiated protoplasmic 
structures as rvell as numerous bodies which appear to be nonprotopl^- 
mic in nature, such as oil globules, starch grains, and other objects, which 
seem to be chiefly nutritive. 

In most animal cells there is distinguishable a series of fibrils or 
platelike bodies, the Golgi apparatus or Golgi material, which seems to 
have a specific character. 

In animal cells there also usually occurs a definite cerdrosome or central 
body, ordinarily surrounded by a system of “cytoplasmic rays/’ the aste? . 
The central body seems to take a leading part in cell division, but its 
absence in cells of higher plants indicates that it is not essential in this 
process. ' It is found in many lower plants, and similar structures occur 
in the motile gametes of certain higher ones. Of particular importance, 
especially in plants, are the relatively large plastids of various sorts, 
notably chloroplasts, chromoplasts, and leucoplasts, which have special- 
ized functions and are found only in certain cells. Almost universally 
present also are many smaller bodies, sometimes granular or in the foi m 
of tiny rods or threads, most of which are included under the general 
names of chondriosomes and mitochondria. As to the manner of inhei- 
itance of these bodies there is no general agreement, but in many cases 
they seem clearly to be the primordia of plastids, and they may play 
an important part in the inheritance of those rather rare traits in plants 
which are transmitted through the cytoplasm of the gametes. Ihese 
are discussed in Chapter X. 

Somatic Cell Division.— The structures just described are those 
visible while the cell is in the so-called resting condition, when it is meta- 
bolically active but is not in any stage of division. The process of cell 
division, whereby growth is made possible, involves radical changes ir 
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the appearance and arrangements of the parts of the cell and makes mani- 
fest certain structures which seem to be of the utmost significance in 
inheritance but which are usually invisible at other times. The division 
of an ordinary body or somatic cell should first be understood as the basis 
for a consideration of the somewhat different situation in cells which give 
rise to gametes. The process seems to be initiated and controlled largely 



Fig. 48. — Diagram of cell division by mitosis. A, resting cell, the chromatin of the 
nucleus in a fine network. B, the chromatin is gathered into a long thread. C, this 
thread breaks up into chromosomes. D, each chromosome splits into two lengthwise^ 
(B, C, and D are called prophases). E, metaphase. The split chromosomes arrange them- 
selves in a plane across the equator of the cell, and the spindle, with its two poles, is forrhed. 
F, anaphase. The chromosome halves separate, one complete set (eight in this case) going 
to one pole and the other set to the other pole. G, telophase. Each new group of chromo- 
somes arranges itself into a thread, and a new cell wall begins to appear between the groups. 
H, two complete new cells, each with a nuclear content equal and similar to that of A. 

by the nucleus. The nuclear diYision itself is commonly called mitasis 

(Fig. 48) j although this term is how often used for the entire act of cell 
division. 

As the first indication of imminent division the nuclear reticulum 
resolves itself into a definite thread or jpireme, which either originally 
or after a short time is broken up into separate pieces, the chromosomes, 
each of which splits longitudinally into two. (In animal ceils the centro- 
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some has, divided into two before this time, the halves migrating to two 
poles at opposite sides of the niicleiis.) These stages are together called 
the ^prophase of mitosis (Fig, ASB, C, D). 

T.he nuclear ,niem.braiie at this stage breaks down, and the space 
occupied by the nucleus is now largely filled with a spindle-shaped mass 
of fiber-like striictiires, converging to two opposite poles. In the equa- 
torial plane of the cell between the poles the chromosomes, now split' and 
usually much shortened, become dispersed, and to each half chromosome 
is seen to be attached a spindle fiber which appears to connect it with 
the adjacent pole. This stage is the nietaphase of mitosis (Fig. ASE), 

The two halves of each of the original chromosomes now separate, 
one member going to each pole. In this process separation always begins 
at the point of fiber attachment, the points in the two halves being 
exactly opposite. The result of this activity is the aggregation at each 
pole of a group of chromdsomes, similar in number and all other visible 
respects to the single set of mother-cell chromosomes from which they 
arose. This stage of polar migration of chromosomes is known as the 
anaphase (Fig. 48F). 

The" members of each of these polar groups of chromosomes now 
ordinarih” lo^e their identity and fuse into a new nuclear reticulum which 
becomes surrounded by a membrane and thus reorganizes a daughter 
nucleus exactly like that of the mother cell. Meanwhile (in most 
plants) a new wall is laid down in the equatorial plane of the cell betw^een 
the nuclei; or (in animals) the cytoplasmic mass is divided by a cleavage 
furrow going inward from the periphery. This final stage in division 
is known as the telophase (Fig. ASG). 

The Chromosomes. — The most noteworthy feature of this mitotic 
process is the extreme exactitude with which the chromosomal material 
is divided into two equal parts, one of which is distributed to each of the 
daughter ceils. The protoplasmic bodies are roughly divided en masse, 
but (except for the centrosomes) there seems to be no mechanism for 
insuring an exact equipartition. These facts early suggested that the 
chromosomes, rather than the rest of the nucleus or the cytoplasm, are of 
particular importance as carriers of hereditary material; and a great body 
of evidence, both genetic and cytological, has been amassed which con- 
firms this conclusion. The structure and division of these bodies there- 
fore assume a particular significance in the study of heredity. 

In diploid organisms the chromosomes occur in pairs and the members 
of each pair are alike (mth one significant exception in animals and some 
plants, p. 173). Their number in every body cell of every individual 
of a species is always the same (barring rare chromosome aberrations) 
but may differ greatly from species to species. Furthermore, the two 
members of a chromosome pair are often visibly different in size or in 
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shape from the members of other pairs; and although the chromosomes 
may lose their individualities in the resting nucleus, the fact that in 
every successive division they reappear in the same number and -with the 
same characteristic sizes and shapes suggests that there is a continuity of 
specific materials embodied in each of them which persists through every 
mitotic division and thus is present in every cell of the body (Fig. 49). 



Fig. 49. — Individuality of the chromosomes. Chromosomes of a plant louse (Jl), 
beetle (B), and seed plant (C), showing similarities between the members of the same pair 
of chromosomes and differences between the pairs. (From The Cell in Development and 
Heredity, by E. B. Wilson, 3d ed., copyright 1925, by The Macmillan Company. Reprinted 


by permission.) 


That an individual chromosome is not a homogeneous body but 
possesses qualitative differences in its material is also indicated by the 
frequent constrictions or swellings along its axis and by differences in 
staining reactions at various points. The fact, too, that in every mitosis 
the spindle fiber is always attached at one particular point on the chromo- 
some indicates that this point must be specifically differentiated. This 



Fig. 50. — Pairs of chromosomes after synapsis, in Gasteria, showing well-marked chromo- 
meres. {From Wm. Randolph Taylor.) 


concept of the individuality and continuity of chromosomes throughout 
every cell of an individual has been of great kgmficance in the develop- 
ment of modern theories as to the physical basis of inheritance. 

The evident importance of these nuclear bodies has led to an extensive 
study of their structure, but the technical difficulties involved in making 
such minute objects visible has made it difficult to get an exact descrip- 
tion of them. In many cases the chromosome, particularly in the early 
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stages of mitosis, seems to consist of an axis along which is distributed 
a series of minute chromatic bodies, the chro-niomeres (Fig. 50), often 
showing persistent differences in size and distribution. In other cases 
the chromatic material seems to be in the form of a slender thread, the 
chromonema (Fig. 51), mthin the substance of a chromosome. These 
tlireads may be in a loose spiral in the prophase, when the chromosomes 
are relatively long, but in a much closer spiral as the chromosomes shorten 
during mitosis. The chromonema sometimes appears to persist through 
the resting phase of the nucleus, and many investigators believe that it 
constitutes the ultimate hereditary material. 

Salivary Gland Chromosomes of Drosophila (Fig. 52). — In a few cases 
in insects, enormously enlarged chromosomes have been found in certain 



Fig. 51. — Chromosomes of Gasteria showing spirally coiled chromonema in each. {From 

Wm. Randolph Taylor.) 


somatic cells, and examination of these by Heitz and Bauer, Painter, 
Bridges, and others has revealed a pattern of structure within each 
chromosome and a wealth of detail never before observed. Such chromo- 
somes are found in the salivary gland cells of Drosophila larvae, and here 
it has been found possible to identify the factors of heredity, the genes, 
with specific structures in the chromosome. 

In Drosophila, as in many Diptera, the members of each pair of 
chromosomes lie side by side at somatic mitosis. In the resting salivary 
gland nucleus, the chromosomes consist of very long threads with cross 
striations of dense material, the two members of each pair l3dng closely 
apposed in somatic synapsis, so that each dark band appears to form a 
continuous line across both members of the pair. These darkly staining 
bands, apparently consisting chiefly of nucleic acid, differ in width and 
density and occur in a characteristic succession which is diagnostic for 
each section of each chromosome, so that it is possible to construct a 
map (Frontispiece) of each salivary chromosome, giving numbers to each 
section of bands and letters to each band in each chromosome. Bridges 
has recently counted about 1,000 distinct bands in the first (X) chromo- 
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some of Drosophila, and the total in all chromosomes may approach 5,000 
or more, although the exact number is unknown. On high magnification 
some of the bands are resolved into dots, numbering 8 or 16 across each 
member of the pair, the dots in successive bands, according to Bridges, 
being connected by longitudinal threads on which the dots appear as 
beads on a string. “The salivary chromosome is thus essentially a 
bundle of parallel chromonemal threads, similar to that of ordinary 
chromosomes, except that the number of strands is supposedly higher 



X 


Fig. 52. — Photomicrograph of nucleus of salivary gland cell of Drosophila melanogasler 
female showing the X, the right and left arms of large autosomes (2i2, 2L, SB, SL), and 
the small 4 chromosome. {Courtesy of Dr. B. P. Kaufmann.) 

and the spiral coiling has practically vanished (Bridges 1938). While 
the ultimate units of chromosome structure may prove to be even smaller, 
the elements in the cross bands of the salivary chromosomes constitute 
the nearest approach to ultimate morphological structure yet attained. 

Meiosis (Fig. 53). — The cell divisions which immediately precede 
the formation of the sex cells differ in several significant respects from 
ordinary mitosis, The fusion of gametes in fertilization necessarily 
results in a doubling of nuclear material, most obviously shown in the 
doubling of chromosome number; a reduction of this material by half 
must evidently take place at some point in the life cycle before the 
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gametes are again formed. This ''reduction division'’ occurs in the sex 
glands in animals immediately preceding gamete formation; and in the 
sporangia of higher plants incident to spore formation. The proeesSj 
now commonly knowm as meiosis, has as its essential feature a reduction 
ill the number of chromosomes from the double or diploid number 
characteristic oiall somatic fertilized egg onward, to the 

halved or haploid number characteristic of gametes. A study of the 
chromosome complement of a somatic cell shows that its members are 
not all unlike but clearly separable into pairs of similar or homologous 
chromosomes. Investigation shows that each member of a pair was 
brought in by a different gamete, that is, one coming from the father and 
one from the mother, and that the essential feature in meiosis is their 
separation again in the gainetes of the next generation. This is accom- 
plished by two successive divisions through which a primary gamete- 
producing (or spore-producing) cell gives rise to four gametes (or spores). 
In the prophase of the first members of each elongated 

pair approach each other side by side and become so closely associated 
(conjugated) that they sometimes sefem to have fused into a single bivalent 
chromosome. This process of synapsis^ which is often accompanied by a 
contraction of the chromosomes, is believed to be of a special significance 
as affording an opportunity for the interchange of material between 
homologous chromosomes. 

During synapsis, or previously, each member of the bivalent pair 
splits longitudinally into two exactly equal daughter chromosomes or 
chromatids, so that for a time a tetrad is formed consisting of four chro- 
matids. Between two of these four chromatids (derived from different 
’ members of the original pair) there form chiasmata or crosses where the 
chromatids exchange parts by a process known as crossing over (p. 197). 
The members of the tetrad now separate, two daughter chromosomes 
going to one pole, the two others to the opposite pole, so that each result- 
ing cell gets two daughter chromosomes representing one original paternal 
or maternal homologue. At the next division, the members of each of 
these pairs of daughter chromosomes f disjoin and each passes to a new 
daughter cell so that from one original cell with two chromosomes (one 
pair) four cells are derived, each with one chromosome. These two cell 
divisions, which occur in rapid succession, result in the reduction of the 
chromosome number to half the diploid number and in the segregation, 
at random, of one member of each chromosome pair to each gamete. 
The order in which these two divisions occur differs in different organisms. 
In some the reduction division (separation of the synapsed Ghromosomes) 
occurs first, as in the case illustrated; in others, the longitudinal split 
(equational division) occurs first. The essential results are the same in 
each case. 
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The sisrnificant feature of meiosis is the separation of two chromo- 
somes of each pair. This does not restore the maternal ana paiernal 
n,.uups of chromosomes intact, however, since the manner in which the 
two members of one pair separate has no effect on any other pair. Meiosis 
us results in the formation of two cells, each with the hapioid number 
of chromosomes and each with a representative of every chromo.some 
nair' but between these cells the original parental chromosome sets 
have now been shuffled at random. This chromosomal mechanism pro- 
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Fig,. 54. — Diagram of spermatogenesis and oogenesis in 


an animal. {After A. P • Shull.) 


vides the necessary basis for the segregation of genetic factors, and in its 
absence Mendelian heredity does not occur. The meiotie divisions are 

thus genetically the sefifregafton divisions. _ v 

Gamete Formation in Animals.-Meiosis in animak (eommoffly 
known as maturation) occurs in the gdiiads and leads directly to the 
formation of gametes. The development of male gametes (sperwioto- 
genesis) and that of female gametes {oogenesis) differ iii details and can 

best be considered separately. _ 

Spermatogeneds (Fig. 54, left).— At a time preceding the sexual 
activity of the animal, in some cases by very long periods, there occurs in 
the testes of the male a series of cell divisions resulting m the tormation of 
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functional spermatozoa. The first step consists in the division, of some 
of the cells (spermatogonia) lining the small tubules of which the testis 
is partly composed. By ordinary equational cell divisions the sperma- 
togonia give rise to a second series of ceils, the primary spermatocytes. 

It is in these primary spermatocytes that the meiotic divisions take 
place, resulting in the production of spermatids, which, by elongation and 
shifting of the nucleus and addition of the small ''middle piece” and the 
tail or flagellum, become converted each into a mature spermatozoon. 
Male gametes in animals are typically motile and consist chiefly of 
nucleus. 

Oogenesis (Fig. 54, right). — The maturation of the egg follows a 
similar course except that the reduction division, instead of resulting in 
two functional cells of equal size, gives rise to one large functional cell, the 
secondary oocyte, and to one small degenerate cell, the^rs^ polar body or 
polocyte. Each of these cells has the reduced number of chromosomes, 
and each subsequently divides equationally, the o5cyte to produce the 
large functional egg and another polar body; the first polar body usually 
into two polar bodies w'hich disintegrate and disappear; or this second 
division may be suppressed. 

Spermatogenesis produces four small gametes of equal size from a 
single spermatocyte; whereas in oogenesis a single large egg and usually 
three small degenerate cells (the polar bodies) are formed from each 
o5cyte. The difference between maturation in the male and in the 
female is chiefly in the larger amount of food accumulated in the egg cell. 
The two processes are identical in their essential function of produc- 
ing gametes with one representative of each of the parental pairs of 
chromosomes. 

Gamete Formation in Plants. — The life cycle in most plants is more 
complicated than in animals, and the formation of gametes, instead of 
following meiosis directly, may be considerably deferred. 

The lowest of the four main divisions in the plant kingdom, the 
thallophytes, show a considerable diversity in this regard. In most of 
the green algae, meiosis occurs in the first two divisions of the fertilized 
egg, and thus almost all the vegetative cells of the plant, as well as its 
gametes, have the haploid number of chromosomes. In the brown 
alga, Fucus, almost exactly the opposite is true, since meiosis takes place 
just before the formation of the gametes and the cells of the plant body 
are thus all diploid, a condition essentially like that in animals. In many 
of the red algae the fertilized egg produces a group of spores (carpo- 
spores) each of which develops into a nonsexual plant, and these in turn 
bear nonsexual spores (tetraspores) in the formation of which meiosis is 
accomplished. The tetraspores develop into haploid sexual plants 
which ultimately bear gametes. 


THE PHYSICAL BASIS OF INHERITANCE 


169 , 


.III plants above the tliallophyt'es the “alternation of generations” 
,is even more definite^ a nonsexual diploid generation or plant, the 
sporophyte, bearing spores, in the formation of wliicli meiosis occurs. 
These in turn grow into haploid sexual plants, gmnetophytes^ which 
iiltimately bear gametes, the fertilized egg developing into a sporophytic 
plant. There is thus an entire “generation intercalated between meiosis 
and gamete production. 

Among the seed plants, vdth which genetics has been chiefly con- 
cerned, the gametophytic generation has become very greatly reduced 



Fig. 55. — Diagram of a vertical section through a flower, showing pollination and 
fertilization. The anthers, a, have opened, liberating pollen grains, two of which have 
germinated on the stigma, s. The pollen tube from one of these has grown down the style 
and carried the two male gametes to the embryo sac or female gametophyte, /• of the 
ovule, where one is fertilizing the female gamete or egg, e. From the union of their nuclei 
will develop the embryo of the seed, which grows into a new plant. 

and is no longer an independent plant but is contained wholly mthin 
the reproductive structures of the sporophyte, which is the “plant” 
which we see. These reproductive structures are known as flowers 
(Fig. 55). Each consists, typically, of four sets of structures. Outside 
is a circle of protective parts, the calyx, and within this another circle 
of conspicuous and attractive parts, the corolla. Next occurs a series of 
“male” sexual organs, the stamens, each bearing an anther, which pro- 
duces within itself a mass of single-celled pollen grains. Strictly speak- 
ing, however, the anther is not a sexual organ but is a sporangium, and 
the pollen grains are really microspores and not gametes, although they 
give rise directly to gametes. In the center of the flow^'er is the “ female 
Of gm, the, pistil, consisting of an ovary, style, and stigma. Within the 
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ovary are one or more ovules which, after fertilization, develop into seeds. 
The ovule is really a sporangium, also, and produces within itself a 
megaspore which germinates into a very much reduced female gameto- 


Sporophyfe 




Z^goie Endosperm 

Fig. 56— The life cycle of an angiospermous seed plant. Diagram showing chromo- 
some reduction in formation of microscopes (left) and megaspores (right) ; gametophyte 
development; gamete formation; and double fertilization. {After Mohr.) 


ph3rte or “embryo sac,” containing at least one egg cell, the true female 
gamete. Two other gametophyte cells, each with the reduced (haploid) 
chromosome number unite to form a diploid endosperm nucleus. The 
pollen grain (microspore) is carried by wind, insects, or other agencies 
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to the stigma of the same flower or another of the same species and there 
germinates, its contents dividing into a small group of ceils (in the higher 
plants only three), which represent the last vestige of the male gameto- 
phyte. From the germinating grain develops a pollen tube which pene- 
trates the style and enters the ovule in the ovary. Down this tube 
passes the contents of the pollen grain — one nonsexual nucleus and two 
other nuclei, the true male gametes. One of these gametes unites with 
the egg cell in the ovule, and from this fertilized egg develops the embryo 
of the seed. The second male nucleus unites with the endosperm nucleus 
and gives rise to the endosperm tissue of the seed which thus has three 
members of each chromosome set (triploid). This remarkable process of 
^Mouble fertilization^’ (Figs. 55, 56) results in the formation of endosperm 
tissue, which partakes of both paternal and maternal inheritance; and 
in plants where the ovary wall and seed coat are thin and transparent, 
as in the kernel of maize, a direct effect of the male gamete on the char- 
acter of the endosperm is evident. Thus, if an ear of maize from a type 
normally bearing white endosperm is pollinated by pollen from a yellow 
race (yellow endosperm color being dominant over white), the endosperm 
of the seeds produced will be yellow. This direct effect of the male 
gamete on tissues other than embryonic ones is knowm as xenia. 

Fertilization or Syngamy. — The union of the gametes in fertilization 
is of especial significance, since it brings about the intermingling of 
paternal and maternal hereditary material, which persists throughout 
the life of the new individual. It is accomplished by a great variety of 
means in animals and plants. In the lowest groups the gametes may be 
equal in size and similar in structure (an isogamous condition), but in the 
great majority of all animals and plants they are unequal (heterogamous), 
the male gamete being relatively small and consisting of little but a 
nucleus, and the female gamete (egg) being very much larger and possess- 
ing a considerable amount of cytoplasm in addition to its nucleus. 

The essential feature in fertilization is the fusion of the nuclei of the 
gametes. A single male gamete penetrates the egg and (having lost 
whatever nonnuclear material it may have possessed) advances toward 
the egg nucleus, usually increasing in size as it goes. As they meet, the 
two nuclei may still be unequal in size, but there is good reason to believe 
that, as far as their chromosome content is concerned, they are equivalent. 
Fusion takes place shortly after the nuclei come into contact. By this 
union of the two haploid chromosome complements— one from the father 
and one from the mother — the diploid number is restored. From this 
fusion nucleus, or zygote^ hj successive equational divisions, are formed 
the nuclei of all the cells of the body which are quantitatively similar in 
chromosome content, however various they may be in other respects. 
It should be remembered that in each pair of chromosomes in the zygote 
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one member has come from one parent and the other from the other 
parent. 

In some forms the egg may sometimes develop directly into a new 
individual without having been fertilized, a process commonly called 
parthenogenesis, A well-known example of this in animals is the honey- 
bee, where the haploid egg, if unfertilized, develops into a male (drone). 
In plant lice, however, the eggs under favorable conditions in summer 
remain unreduced (diploid) and develop parthenogenetically chiefly into 
females. Some produce males, and as unfavorable conditions ensue, 
normal meiosis again takes place and haploid eggs are formed which 
undergo normal fertilization and produce females. 

Parthenogenesis may also sometimes be induced by artificial means 
and these instances in which the egg is able to develop without fertiliza- 
tion show^ that the male gamete is not indispensable. Under most 
conditions, however, it seems essential in providing the stimulus which 
initiates embryonic development; and its contribution of paternal genes 
is important in determining the character of the offspring and in providing 
for future variability. 

In plants, somewhat similar situations obtain. In a number of cases 
(Datura, Lycopersicum, and others) normal unfertilized haploid eggs, 
under certain conditions, may produce embryos which develop into 
plants every cell of which is haploid. A considerable number of plants, of 
which the dandelion is a common example, undergo parthenogenetic 
development normally, but in these cases the egg remains diploid, owing 
to a failure of the usual meiotic process. 

The Relations of the Chromosomes to Sex.^ — We must now take 
account of one important exception to the statements (1) that the 
chromosomes of the somatic cells of diploid organisms appear in pairs 
of homologous mates and (2) that, after the disjunction of the members of 
these pairs at synapsis, all gametes receive one member of each pair and 
are thus exactly equivalent in chromosome content. The discovery of 
this exception has led to the development of a chromosome theory of sex 
determination which has had an important influence on ideas concerning 
the physical basis of inheritance. 

In the diploid body cells of animals and plants, chromosomes in 
general occur in pairs of homologous mates, and the two members of each 
pair seem to be exactly alike. In most of the higher plants, w^here the 
same individual produces both male and female gametes, aZI! of the 
chromosomes normally occur in pairs. In most animals, on the other 
hand, and in a few plants, the male and female cells are produced by 
different individuals. This difference in function is usually accompanied 
by difference in structure between the male and the female individual, and 


THE PHYSICAL BASIS OF INHERITANCE 


173 


the important fact has been established that this difference appears also 
in the chromosome constitution. 

Ill some animals one sex is diploid, the other haploid. In the honey- 
bee the female (queen) has 32 chromosomes, the male (drone) 16. The 
reduction division in the male is omitted so that all the sperm have 16 
chromosomes. Fertilized eggs thus produce females; unfertilized eggs 
which develop parthenogenetically produce haploid males. The haploid 
sex in such cases appears always to be the male. This type of sex differ- 
ence is known only in a few invertebrates. 

Another type is of general occurrence in animals and in some dioecious 
plants. Here males and females differ by a single chromosome. In the 
squash bug, Anasa tristis, for example, Wilson found that females 
regularly have 11 pairs of homologous chromosomes, whereas males have 
10 pairs, and one odd unpaired chromosome. The eggs consequently 
have each 11 chromosomes, while of the sperm half have 11 chromosomes 
and half have 10, since at reduction division the odd chromosome goes to 
either one pole or the other, at random. Fertilization of an egg (11 
chromosomes) by a sperm with 11 chromosomes produces a female (22 
chromosomes) ; fertilization by a sperm with 10 chromosomes produces a 
male with 21 chromosomes. The odd chromosome thus determines the 
sex of the individual which receives it, and it was consequently called 
the sex chromosome or X chromosome. The other chromosomes which 
are alike in males and females have been called autosomes. The case may 
thus be formulated: 

9 =10 pairs of autosomes + 2 X chromosomes (or 9 = 10 A A + XX) 
c? = 10 pairs of autosomes + 1 X chromosome (or c?" == 10 A A + X) 

In many other animals and in several plants males and females have 
been found to differ, not by the presence or absence of one whole chromo- 
some, but by the presence in one sex of a chromosome which is unlike its 
mate and unlike any chromosome in the opposite sex. In Drosophila 
melanogaster the female has four pairs of chromosomes (Fig. 57), the 
members of each pair being alike. In the male there is only one of the 
straight rodlike chromosomes, the place of the other member of this pair 
being taken by a rod with a hook-shaped or bent end. The rodlike mem- 
ber, which is alike in both male and female, is the sex or X chromosome; 
the unlike member of this pair in the male is known as the Y chromosome. 
The eggs all have four chromosomes (3 A + X); the sperms also have 
four chromosomes, but half have the rod-shaped X chromosome 
(3 A + X) and half have the bent Y chromosome (3 A -b Y). Fertilization 
of any egg by an X-containing sperm produces a female (6 A + XX) ; 
fertilization by a Y-containing sperm produces a male (6 A XY). 
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• This type of sex-chromosome difference has been found in other 
species of Drosophila, in some fish and amphibia, and in mammals 
generally. In man, for example, there are 48 chromosomes (Fig. 58). 
In the female these appear as 24 pairs (23 AA •+ XX) ; in the male, as 23 

female male 


XX X Y 

Fig. 67. — Diagram showing the four pairs of chromosomes in Drosophila. X designates 
the sex chromosomes. {After Bridges.) 

pairs with one X and one Y chromosome (23 AA -1- XY). The sex of the 
offspring is determined at fertilization by the kind of sperm which happens 
to fertilize the egg. Since the number of males and females at birth is 
about equal, it is probable that X and Y sperm are produced in about 



Fig. 58. — Human chromosomes. Left: spermatogonial plate of 48 chromosomes; 
right: anaphase of primary spermatocyle with the X-Y chromosomes and three other 
chromosomes not yet divided (note evidences of splitting for next division) . {From Evans 
and Swezy^ courtesy of University of California Press.) 

equal numbers and that the chances of fertili^iation by each type are about 
equal; that is, fertilization is at random. 

In a few other animals which have been studied cytologically, it has 
been found that the /emafe has an unlike pair of chromosomes (XY) or 
only one X (XO), while the male is XX. For such cases a different 
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formulation has often been usedrthe sex chromosomes have been called' 
Z instead of X, and the other member of this pair W instead of Y. Ani- 
mals of this type are thus called ZW and ZZ, or, briefly, of the ZW type to 
distinguish it from the Drosophila or XY type. We adopt here a similar 
terminology for both types, since the letters are merely symbols and do 
not indicate homology between X chromosomes in different forms. The 
two types may be distinguished as male heterogametic and female 
heterogametic, respectively. 

In the domestic fowl, for example, the female lays eggs of two sorts, 
half with an X chromosome, which when fertilized by any sperm develop 
into males (XX) ; and half without an X chromosome, which develop 
into females. Female heterogamety has been found chiefly in birds and 
moths. The mechanism is the same as in Drosophila, that is, two types 
of gametes are formed by one sex and only one by the other sex; and sex is 
determined at fertilization by the kinds of gametes which unite. 

Sex-linked Factors. — The existence of this mechanism was revealed 
first by cytological methods, but its genetic significance and its wide 
occurrence have been established through the discovery of genetic factors, 
which in inheritance have the same peculiar distribution to gametes and 
offspring as the X chromosomes. Thus in man the appearance of 
hemophilia chiefly in the sons of carrier’^ females was noted nearly a 
century ago, although it was not until Doncaster in 1908 studied experi- 
mentally a case of such criss-cross^' inheritance in the currant moth, 
Abraxas, that the general mode of inheritance of characters like these 
became clear. Such characters are called sex-linked. 

In Drosophila melanogaster the discovery of sex-linked inheritance was 
followed by a study of the distribution of the sex chromosomes, and this 
correlation of genetical and cytological facts led directly to the proof of 
the chromosome theory of heredity. In the course of breeding experi- 
ments with the normal wild-type fly, which has red eyes, Morgan found 
one individual in which the eyes were white. This gave rise to a true 
breeding race of white-eyed flies. When he crossed this new variety 
with the wil^, red-eyed type, the results from a cross of a white male by a 
red female were quite different from those obtained from the reciprocal 
cross of red male by white female. The results were found to depend on 
the sex of the parent in which the trait was introduced into the cross, 
whereas with other characters, as has been seen, it makes no difference 
in either the Fi or Fg whether a given character is brought _ in by the 
male or female parent. The details of these experiments, which have 
been repeated many times, are shown in Figs. 59 and 60, From the 
cross of white-eyed male with red female the first-generation flies are 
red-eyed in both sexes (Fig. 59). When these are bred together, white 
reappears in a quarter of the Fg offsppng, indicating that red and white 
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eye color are due to an allelic pair of genes of which red acts as the 
dominant. However, of the F2 offspring all the females are red, while 
half of the males are red and half are white. The white male has trans- 



Fig. so.— Sex4inked inheritance in Drosophila. The cross of red-eyecr female by 
white-eyed male. The course of the sex chromosomes carrying the sex-linked gene 
is traced from parents to Fs. Females at left, males at right. {From Morgan, Sturtevant, 
Muller and Bridges, courtesy of Henry Holt & Company.) 

mitted his eye color only to his grandsons. These F2 white-eyed males 
evidently carry no factors for red, since when bred with pure white stock, 
no red-eyed individuals ever appear among their offspring. The females, 
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however, are apparently of two kinds, genotypically. When bred with 
pure red males, half of them give nothing but red offspring and are thus 
pure for red, but the other half must carry some recessive white, for in 
their offspring half the males are white-eyed. When a red male is bred 


Fig. 60.— Sex-iinked inheritance in Drosophila. The cross of white-eyed female by 
red-eyed male, the reciprocal of the cross shown in Fig. 59. Females at left, males at right. 
{From MorgaUf Sturtevant, Muller and Bridges^ courtesy of Henry Holt & Company.) 

to a white female, however, quite a different result follows (Fig. 60), 
Among their Fi offspring all the females are red-eyed and all the males 
are white-eyed. these are bred together, their offspring (the F. 

. consist of red-eyed and white-eyed individuals in about equal numbers in 
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both sexes. All the white-eyed flies are apparently pure, for no red- 
eyed flies appear in their offspring; and the red-eyed males bred to pure 
red females also produce only red-eyed descendants. The red-eyed Fj 
females, however, must be heterozygous, for when bred to either white 
or red males, half of their male offspring are always white-eyed. 

A typical sex-linked trait in Drosophila, such as white eye color, is 
found to follow a peculiar type of crisscross inheritance. A male trans- 


Colof blind Normal Normal Color blind 



Fig. 61 . Fig. 62 . 

Fig. 61 . — The inheritance of color-blindness. A color-blind man mated with a normal 
woman. The defect is transmitted only through the daughters and appears in half of their 
sons, being carried in one of the X chromosomes. Color-blind individuals and chromosomes 
carrying the gene for this character are shown in black. {From Dunn, courtesy of the 
University Society,)' 

Fig. 62 . — The inheritance of color-blindness. A color-blind woman mated with a 
normal man. The defect is transmitted to all the sons and (in the Fa mating shown) to both 
grandsons and granddaughters. {From Dunn, courtesy of the University Society.) 

mits his sex-linked traits to his grandsons through his daughters. He 
never transmits them to or through his sons. The trait thus seems to 
alternate or cross from one sex to the other in its passage from generation 
to generation. This of course is the mode of transmission followed by 
the X chromosome, as can be seen in the diagrams. Only the daughters 
get an X chromosome from the father; whereas both sons and daughters 
receive an X chromosome from the mother. 

In explaining the peculiar inheritance of white eye color in Drosophila, 
it was assumed that the gene for white eyes is located in the sex chromo- 
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some and that the Y chromosome carries no normal allele for white. 
On this assumption the case became clear, for the white-eyed female 
crossed with a red male transmitted a gene for white to each offspring and 
an X chromosome to each offspring. The daughters received also an 
X chromosome from the father carrying the dominant allele of white and 
hence were red-eyed. The sons, however, received a Y chromosome 
from the father and hence no allele of white, and they were thus white-eyed. 
From the diagrams it is apparent that in all eases the gene for white 
follows exactly the transmission of the X chromosome. 

Over two hundred genes in Drosophila are now known to follow this 
mode of transmission, and all have been shown to be located in the X 
chromosome. In man a number of traits including color blindness and 
hemophilia (bleeder’s disease) are inherited in the same crisscross fashion 
and are thus presumably located in the X chromosome (Figs. 61 and 



Non»barred male Barred female 

Fig. 63.- — Barring (right) and plain color (left), a sex-linked pair of allelic characters in 

domestic fowls. 

62). Many similar sex-linked characters have been studied in other 
mammals, insects, and fish. In general the Y chromosome in these forms 
carries no normal allele of a sex-linked factor, but in a few cases mutant 
genes have been discovered in the Y chromosome (Drosophila, man, cer- 
tain fishes). These follow the course of the Y chromosome in inheritance. 

In moths and birds a number of sex-linked characters have been 
found. In these cases, too, the genes for such traits have been shown to 
follow the known course of transmission of the X chromosome, although 
sex determination is of the opposite type to that which occurs in Droso- 
phila and mammals. The inheritance of barred plumage in poultry 
is one of the best-known examples of this type (Fig. 63). The barred 
pattern, as seen in such breeds as the Barred Plymouth Rock, is dominant 
over black or red unbarred plumage. Breeding evidence indicates that a 
male may carry two genes for barring but a female only one; and cytolog- 
ical research has shown that there are two X chromosomes in the ceils of 
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the male but only one in those of the female. In the diagrams (Figs. 
64 and 65) barred plumage is represented by B and nonbarred by h. 
The cross between a nonbarred hen and a barred cock produces only 
barred offspring of both sexes. These inbred produce only barred males 
in Fa, but approximately half of the Fa hens are barred and the other 
half are nonbarred. 



Fig. 64. — Sex-linked inheritance in poultry. The cross of barred $ by non-barred d’. 

(See Fig. 65.) 

The reciprocal cross of barred hen and nonbarred cock gives, as 
might be expected, a very different result. Here the Fi males are all 
barred^ and the Fi hens are nonbarred; while in F2 there are equal num- 
bers of barred and nonbarred birds in both sexes. Barring thus follows 
the same crisscross mode of inheritance as white eyes, except that in the 
fowl the sex-linked gene goes from mother (XO) to sons only, while the 
father (XX), transmits it to both sons^and daughters. The gene follows 
the X chromosome in both cases. 



In the fowlj pigeon, duck, canary, several species of moths, and one 
species of fish, sex-linked characters have been studied and found to 
resemble barring in their inheritance. 

An example of sex-linked inheritance in dioecious plants is described 
on page 274. In the few cases thus far discovered the male is the 
heterogametic sex 


Fig. 65 .— Sex-linked inheritance in poultry. The cross of barred f non-barred 9 • 
3?he course of the X chpbmoaomes carrying the sex-linked gene S (barring) /and iti recessive 
. 'allele b is traced from parents to Fs. Chromosomes carrying B are cross-hatched; those 
: carrying 5, solid black. Males at left; females at right. 

Nondisjunction of Clmomosomes— The conclusions with regard to 
the inheritance of both X chromosomes and sex-linked traits remained 
highly probable inferences from the c lose parallelism between thje beha isdor 
of chromosomes and sex-linked genes, until in a specific case it was shown 
by Bridges that deviations fr om the usual rules m sex-linked inheritan ce 
in Drosophila were directly correlated with irregularities in the tranis- 
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mission of X chromosomes. Ordinarily, as has been noted, white-eyed 
females bred to red-eyed males produce only red-eyed daughters and 
white-eyed sons. Bridges found that some females from a strain of 
white-eyed flies produced, w'hen bred to red-eyed males, not only the 
expected classes of red daughters and white sons but also a few (about 5 
per cent) of white daughters and red sons. He explained these exceptions 
by assuming that in the oogenesis of the white-eyed females, both 
X chromosomes (each with a gene for white) occasionally stayed together 
at the reduction division, a process which he called nondisjunction, so 
that both went together into the polar body, resulting in some eggs with 
no X chromosome and in others with two X chromosomes and thus 


White 9 Offspring Red 




Fig. 66. — Non-disjunction of the X chromosome in Drosophila melanogaster. Cross 
of white 9 by red c?’. X chromosomes carrying white in outline; those carrying normal 
allele (red) shown in solid black. {After Morgan.) 

two genes for white (Fig. 66). The eggs of such a white female would 
then be not only the usual (Xti)) but the exceptional kinds (Xtz;)(Xt£?) 
and (0). When fertilized by the Y sperm of the red male, the (Xw) QLw) 
egg would produce a fly of genotype (Xtt?)(Xtt?)Y, which ha¥ing two 
X chromosomes would be female and having two white genes would be 
white-eyed; conversely, when the no-X egg was fertilized by the (XIF) 
sperm the resulting offspring would be (X]F)0 and, having but one X, 
would be a red male. Thus the two exceptional classes of offspring 
could be accounted for. The white-eyed females produced by non- 
disjunction should then have two X chromosomes and one Y, and on 
microscopic examinatioii’ Bridges found that this was so. Breeding tests 
of such nondisjunctional females and cytological examination of their 
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progeny have shown conclusively that the visible sex-linked trait has 
always the same distribution as the sex chromosome, which may be 
identified under the microscope. 

Later . L. V. Morgan found females in which the X chromosomes 
showed 100 per cent nondisjunction. When such a female with the 
recessive sex-linked character yellow body was bred to a normal gray 


Double-X yellow 


by 


Wild 

lid 

Y 



viable daughters. The only surviving sons are those which receive the Y chromosome 
from the mother and the X from the father. {After Morgan.) 

male the daughters were all yellow and the sons were all gray, just the 
opposite of the expected result of such a mating. It was found that in 
such females the X chromosomes were attached to each other and thus 
failed to disjoin, and they also contained a Y chromosome, like the 
exceptional females found by Bridges. The results of cytological and 
genetical study of this case are shown in Fig. 67. In all cases the sex- 
linked genes follow the same course as the X chromosomes. The proofs 
were thus completed that the sex-linked genes are actually in the X 
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chromosomes and similar evidence is now available for other chromosomes 
(Chapter IX). 

The Parallelism between the Behavior of Chromosomes and Genes.— 
Ill this chapter the steps have been described by which certain parts 
of the nucleus of animal and plant cells, the chromosomes, are distributed 
among the gametes. This process is not a hypothetical one but a descrip- 
tion of fact, since it is founded on actual microscopic evidence. The 
point which must now be emphasized is that the behavior of the chromo- 
somes, in the history of the formation of gametes and of fertilization, 
resembles in a very striking way the behavior of the factors of inheritance, 
the genes, as inferred from the breeding evidence. The truth of the 
assumptions concerning the behavior of the genes (MendeFs Laws) 
is convincing, not because these units in the gametes have been seen 
but because the principles of segregation and independent assortment 
are the only hypotheses which satisfactorily explain the results of breed- 
ing experiments. The parallelism to be noted, then, is that which exists 
between a concrete set of facts (chromosome behavior) and the hypotheses 
proposed to explain another set of facts (gene behavior). Aside from 
the general similarity between these two processes, there are certain 
specific laws which apparently apply in a similar way to each. 

1. Both the chromosomes and the genes behave in inheritance as 
though they were individual units. The individuality of the chromo- 
somes is a matter of direct observation under the microscope. Each 
pair of chromosomes can be seen, in favorable preparations, to be different 
from every other pair. Each gene, likewise, has an individuality which 
is inferred from its indivisibility in inheritance and its emergence intact 
and unaltered after a cross. 

2. The facts of inheritance can be explained only on the assumption 
that the genes which make up the genotype of every individual occur in 
pairs (allelic pairs) and that one member of each pair was contributed 
by one parent of this individual and the other by the other parent. This 
is precisely the situation observed in the case of the chromosomes, for 
these are also seen to be definitely associated in pairs, each member of 
which has been derived from one of the two parents. 

3. Each gamete is seen to contain only one member of each pair of 

chromosomes, and each gamete likewise contains but one member of each 
pair of allelic genes. That the gametes contain the reduced or haploid 
number of chromosomes is known from actual chromosome counts, 
especially at the reduction division. That each gamete contains only 
one of a pair of genes was found to be a necessary inference from breeding 
experiments. In fact, the most important of MendeFs principles 
assumes a process of whereby, in the formation of gametes, 

each factor separates sharply from its alternative or allele, the two 
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Fig. 68.— Diagram showing independent assortment of two pairs of chromosomes, 
A~a and B-h. Note that at the reduction division theYe are two possible alignments of 
chromosomes producing /owr types of gametes. By random union these produce the sixteen 
different chromosome combinations shown in the F2 checkerboard. 
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members of the pair always entering different gametes so that the gametes 
are “pure” genetically. Such a separation is actually found to take 
place between the two members of a pair of chromosomes at the reduction 
division, resulting in the inclusion of each member of the pair in different 
daughter cells (gametes). Both genes and chromosomes, then, undergo 
segregation, and in respect to both each gamete is pure, containing only 
one member of a pair. 

•: 4. The various pairs of chromosomes are assorted or distributed to 

'the gametes independently of each other. A careful study of the diagram 
in Fig. 68 will show that the principle of independent assortment applies 
to chromosomes in precisely the same way in which it has been assumed 
to apply to genes. It seems to be merely a matter of chance to which 
pole a given member of a chromosome pair goes in the reduction division, 
so that it is also a matter of chance as to whether a given member of a 
pair happens to become associated with one or with the other member of 
another chromosome pair. This is precisely the manner in which genes 
'behave in inheritance, for in the formation of gametes by individuals 
heterozygous for two or more independent factor pairs, it is purely a 
matter of chance as to how the members of the various pairs happen to 
become assorted and associated in the gametes, and segregation in one 
factor pair is entirely independent of that in every other. 

I It should be understood, of course, that each chromosome contains 
many factors and that independent assortment is shown between two 
factors pairs only if they occur in separate chromosome pairs. If they 
fie in the same chromosome, they will be linked in inheritance, a situation 
which will be discussed in the following chapter. 
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PROBLEMS 

222. Of what advantage do you think it has been for the male and female 
gametes, in the evolution of sex, to have become so different from each other, 
the former tending to be small and motile and the latter large and nonmotile? 

223. What explanation can you suggest for the presence of polar bodies in 
the development of the animal egg? 

224. Wherever parthenogenesis (the development of a gamete without union 
with another gamete) occurs among animals, it is always the female gamete which 
has this power. Why do you suppose this is so? 

225. If a character is found to be transmitted only by the mother, in what 
part of the gamete is it probably transmitted? 

226. If the germ cells were formed by direct division of the nucleus without 
mitosis, how would this affect the character of the gametes and the process of 
inheritance? 

227. WTiat would happen to the chromosomal constitution of the nucleus 
if the reduction division did not take place? 

228. What do you thinlc would happen in the gametogenesis of a species 
with an odd number of chromosomes? 

229. Of what advantage in plant reproduction is the complicated system of 
accessory structures such as the calyx and corolla? 

230. Do you think that the characteristics of the fruits of an apple tree will 
be affected by the source of the pollen whicli fertilized the flowers? Explain. 

231. If half of the chromosomes of an oocyiie pass into the first polar body 
(which degenerates), why are not some of the chromosomes lost entirely in the 
process of oogenesis in animals? 

232. In some groups of animals and plants the chromosome number of one 
species is a multiple of that in another. Thus in wheat some species have 14, 
some 28, and some 42 chromosomes. What does this suggest as to the evolu- 
tionary history of these species? 

233. In the Drosophilidae (the family to which the vinegar fly belongs) Metz 
has found that some species have 8 chromosomes while other related species 
have 6, 8, 10, and 12 chromosomes each. Assuming that all species are descended 
from an 8-chromosome type, how would you account for the species with more 
and with fewer chromosomes? 

234. In the rather rare cases where two species can be successfully crossed, 
as the horse and the ass, the hybrids produced are almost always sterile. From 
what you know of chromosome behavior, what explanation can you suggest for 
this fact? 
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235. It is ordinarily impossible to distinguish the sex of young chicks, although 
it would be very useful to be able to do so. The difference between barred and 
nonbarred birds, however, can be told at the time of hatching. How could this 
fact be utilized in certain cases to distinguish the sex of the newly hatched 
chicks? 

236. What effect on the sex ratio would a recessive sex-linked lethal factor 
have in man? 

237. At the time of synapsis preceding the reduction division, the homologous 
chromosomes align themselves in pairs and one member of each pair passes 
to each of the daughter nuclei. Assume that in an animal with four pairs of 
chromosomes, chromosomes A, B, C, and D have come from the father and 
A', B', C', and D' have come from the mother. In what proportion of the germ 
cells of this animal will all of the paternal chromosomes be present together? all 
of the maternal? 

238. If a given character A pertains to the gametophyte, and the gametophyte . 
of one plant shows it while that of another plant shows its allele a; and if gametes 
from these two gametophytes unite, what will be the appearance of the succeeding 
generation of gametophytes with respect to this character? 

230. If one gametophyte displays characters A and B and is crossed with 
another which displays a and 5, what will the next gametophyte generation look 
like with respect to these two characters? 

240. In the honeybee, unfertilized eggs may develop by parthenogenesis, 
in which case they produce males (drones). The fertilized eggs produce females 
(workers or queens). In spermatogenesis in bees there is no reduction division. 
If, the females contain 32 chromosomes in the body cells and if oogenesis is the 
same as in other species, how many chromosomes would you expect to find in 
the body cells of the males? 

241. A queen bee heterozygous for a dominant character mates with a drone 
which shows the same character. What characters would you expect the male 
and female offspring to show? 

Note , — In all problems involving sex-linked characters, state results for the 
two sexes separately. 

242. In Drosophila, if a white-eyed female is crossed with a red-eyed male, 
and if an Fi female from this cross is mated with her father and an Fi male with 
his mother, what will be the appearance of the offspring of these last two crosses 
as to eye color? 

243. In Drosophila, if a homozygous red-eyed female is crossed with a white- 
eyed male, and if an Fi female from this cross is mated with her father and an 
Fi male with his mother, what will be the appearance of the offspring of these 
last two crosses as to eye color? 

244. In Drosophila, if a white-eyed female is crossed with a red-eyed male 
and the F 2 allowed to interbreed freely, what will be the appearance of the F 3 as 
'to, eye color? ■ 
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245. In Drosophila, if a homozygous red-eyed female is crossed with a white- 
eyed male and the Fa allowed to interbreed freely, what will be the appearance 
of the Fs as to eye color? 

246. In Drosophila, vestigial wings, y, are recessive to the normal long wings, 
F, and the gene for this trait is not in the sex chromosome. If a homozygous 
wdiite, long female is crossed with a homozygous red, vestigial male, what will 
be the appearance of the Fi? Of the Fa? Of the offspring of a cross of the Fi 
with each parent type? 

247. In Drosophila, w^hat will be the appearance of the offspring of the follow- 
ing crosses: Ww Vv Xw vv] ww Vv X W Vv? 

248. In Drosophila, two red-eyed, long-winged flies when bred together pro- 
duce the following offspring: 

Females: three-fourths red, long; one-fourth red, vestigial. 

Males: three-eighths red, long; three-eighths white, long; one-eighth red, 
vestigial; one-eighth white, vestigial. 

What are the genotypes of the parents? 

249. In Drosophila, a cross between Bar-eyed females and wild-type (round- 
eyed) males produces only Bar-eyed males and females in the Fi. Wild-type 
female X Bar-eyed males produces Bar-eyed females and wild-type males. 
Explain the inheritance of Bar eye and predict the appearance of the F 2 from 
each of these crosses. 

260. A girl of normal vision whose father was color-blind marries a man of 
normal vision whose father was also color-blind. Wliat type of vision will be 
expected in their offspring? 

251. A color-blind man marries a woman of normal vision. They have sons 
and daughters, all of normal vision and all of whom marry normal persons. 
Where among the grandchildren may color blindness be expected to appear? 
If there are cousin marriages among these grandchildren, where among their 
offspring may color blindness be expected to appear? 

252. A man and woman, both of normal vision have (1) a color-blind son 
who has a daughter of normal vision; (2) a, daughter of normal vision who has 
one color-blind and one normal son; and (3) another daughter of normal vision 
who has five sons, all normal. What are the probable genotypes of grandparents, 
children, and grandchildren? 

253. A man’s maternal grandmother had normal vision; his maternal grand- 
father was color-blind; his mother is color-blind; his father is of normal vision. 
What are the genotypes, as to vision, of the two parents and grandparents men- 
tioned? What type of vision has this man himself? What type have his sisters? 
If he should marry a woman genotypically like one of his sisters, what type of 
vision would be expected in the offspring? 

Note,— In the following problem assume that right-handedness is dominant 
over left-handedness and brown eye color over blue. 
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254. The mother of a right-handed, brown-eyed woman of normal vision 
is right-handed, bine-eyed, and of normal vision, and her father is left-handed, 
brown-eyed, and color-blind. This woman marries a man who is left-handed, 
brown-eyed, and of normal vision, whose father was blue-eyed. What chance 
will the sons of this couple have of resembling their father phenotypically? 

255. In poultry, if a nonbarred cock is crossed with a barred hen and an 
Fi female from this cross is mated with her father and an Fi male with his mother, 
what will be the appearance of the offspring of these last two crosses, as to 
barring? 

256. In poultry, if a nonbarred cock is crossed with a barred hen and an F 2 
from this cross is allowed to interbreed freely, what will be the appearance of 
the F 3 as to barring? 

257. A single-comb, barred cock crossed with a walnut-comb, barred hen 
produces the following offspring: 

4 rose, barred males. 

5 walnut, barred males. 

2 rose, barred females. 

3 rose, nonbarred females. 

2 walnut, barred females. 

2 walnut, nonbarred females. 

What are the genotypes of the parents? 

268. In Drosophila vermilion eye color is recessive and sex linked. In excep- 
tional cases vermilion female X normal male produces, in addition to the usual 
vermilion male and red-eyed female, a few vermilion females and red males. 
Explain this result and predict what classes of offspring should appear when the 
vermilion Fi females from above are crossed with red-eyed males. 

269. In the fish Aplocheilus the wild form is brown; other varieties are blue, 
red, and white. Sex determination is of the XY type (male heterogamety ) as in 
Drosophila. The following results of crossing these varieties were obtained by 
Aida:^ 


Cross 1 

Pi White 9 X Red c? 

Fi AU red 

F 2 Red 9 White 9 Red cf White c? 

41 43 67 0 

Cross 2 

White 9 X Fi Red cf (from cross 1) 

Red 9 White 9 Red cf White c?’ 

0 197 251 0 

Cross 3 

, Pi. Red , 9 -X'-' White cf ; 

Fi AU red 

F 2 Red 9 White 9 Red cf White cf 

,:.'87, , . ' ^0^^: ■ 42 33 

^ In the second cross three exceptional individuals have been omitted. 
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What is the method of inheritance of red and white color? Draw up a 
factorial chart to make your explanation clear and compare the actual numbers 
in each class with the numbers to be expected on your hypothesis. 

2G0. In Aplocheilus these further results were obtained by Aida. Sex in 
these fishes cannot be distinguished until they are a year old, so that sex dis- 
tribution can be given only for those which live to this age : 


Pi White 9 X Brown cf 
Fi All brown 

Brown Blue Red White 

Total young 248 57 53 21 

Sex of survivors 9 d^9 0^9 0^9 cf’ 


77 147 56 0 9 37 19 0 

Explain the inheritance and the genetic relations of brown, blue, red, and 
white. Make a factorial chart as in the previous problem, comparing the actual 
numbers in each class with the numbers expected on your hypothesis. 

261. A factor I in Drosophila is recessive, lethal, and sex-linked. If female 
LI is crossed with a normal male, what should be the sex ratio of the progeny? 

262. In fowls a factor K is recessive and sex linked. All zygotes pure for 
K die before hatching. A male heterozygous for this factor is crossed with 
normal females and produces 120 live chickens. How many of these would you 
expect to be males and how many females? 


CHAPTER VIII 

LINKAGE AND CROSSING OVER 

The Principle of Independent Assortment, which, as has been seen 
in the preceding chapters, governs the behavior both of genetic factors 
(genes) and of chromosomes, has been supported by the results of breed- 
ing experiments with all sorts of animals and plants during the past 
third of a century. Soon after the rediscovery of Mendel’s Laws some 
doubt began to be cast on the universal applicability of this principle, | 
since it did not explain certain exceptional results. The increasing ^ 
frequency with which such exceptions were observed and the more careful 
study given them led to the formulation of a new principle of inheritance, 
the principle of Linkage. This is the hypothesis which Prof. T. H. Mor- 
gan originally devised to explain such exceptions, and its further develop- 
ment has since led to a general revision and clarification of our views as 
to the physical basis of inheritance, the nature of genes, and even of 
protoplasm itself. 

Coupling and Repulsion, — The first case of what is now called linkage 
was discovered in 1906 byl Bateson and Punnett, in the course of their 
studies of inheritance in the sweet pea. In one of their experiments two 
races of sweet peas were crossed, one having p urple flasers and forum® 
long pollen grains and the other having red flowers and round po®. 
Purple, P, they found to act as a simple dominant to red, p, while loiw 
pollen, L, was dominant to round, Z. Each trait segregated from it'.i , 
allele in a normal 3 : 1 ratio in Fa,, But instead of finding, as they expected. ' 
that these two characters wer^^assorted independently of ^ne another to v 
produce an Fa ratio of long-pollened, purple; long-pollened, ^ 
red; He round-pollened, purple; and He round-pollened, red; they 
obtained the Fa ratio below (data from Punnett, 1923) : 

Pi Purple, long X red, round 


Fi Purple, long 



Purple, 

long 

Purple, 

round 

Red, 

long 

Red, ' 
round 

•Total 

Actual numbers 

4,831 

3,910.5 

Ke 

390 

1,303.5 

He 

3:93'. 

1,303.5 

K6 

1,338 

434.5 

m 

■6.., 952, 

Expected numbers. , . . . , . . . . 

Expected ratio . . . 
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The numbers obtained were obviously different from those expected 
on the assumption that flower color and pollen shape assorted inde- 
pendently. The chief peculiarity of the result was that the combinations 
of traits which occurred in the parents (purple flowers with long pollen 
and red flowers with round pollen) appeared much more frequently than 
they should have, while the new combinations or recombinations of 
characters different from those intfoduced by the parents, (purple with 
round and red with long) appeared less frequently than expected. If 
these factors were inherited independently, there should have been 4,345 
F 2 plants showing the parental combinations; actually there were 6,169; 
while instead of the 2,607 new combinations expected, there were only 
783. It appeared to the experimenters that the genes for purple and 
long had tended to stay together in inheritance, , an they called this 
phenomenon the “coupling of factors.’^ Later the same characters 
were involved in a cross simlaf t ahove, except that the genes for 
flower color and pollen shape were differently associated in the two 
parents, purple and round entering the cross from one parent, and red 
and long from the other. The results of such a cross are given below, 
compared with those which would be expected if P-p and L4 are inherited 
independently. 


Pi Purple, round X red, long 
Fi Purple, long 


i' . v 

Purple, 

long 

Purple, 

round 

Bed, 

long 

Bed, 

round 

Actual 

226 

235.8 

95 

78.5 

97 

78.5 

1 

26.2 

% Expected..... 



Here again it is found that the parental types (purple, round and red, 
long) are too numerous, for there are 192 of them instead of the 157 
expected, while of the new combinations there are only 227 instead of the 
262 expected. Apparently, the Fi plants produced more of the parental 
types of gametes PI and pL than of the types PL and pZ, instead of the 
equality of all four types which should have resulted if the genes assorted 
independently. From this the investigators inferred that the genes 
introduced by different parents showed an aversion to entering the same 
Fi gamete. They called this tendency “repulsion.^^ The two tend- 
encies, coupling and repulsion, were evidently simUar for both 

resulted in the formation of an excess of the parental A 
genes and a deficiency of the new type of combinatii^*ff| 
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Linkage.— These cases of coupling and repulsion remained for several 
years as exceptions to MendeFs principle of Independent Assortment. 
About 1910, however, many additional cases of this type of inheritance 
were discovered by Morgan in Drosophila. He saw that both coupling 
and repulsion were examples of a single phenomenon which he termed 
linkage, or the tendency of genes to remain in their original combina- 
tions in inheritance. He suggested that such a result would follow 
if the genes which showed linkage with one another were located in 
the same chromosome, and hence tended to be inherited as a Woc/c, rather 
than independently of one another, as Mendel had supposed. This 
idea soon gathered additional support from the data which Morgan 
and his coworkers Bridges, Muller, Stiirtevant, and others obtained 
from breeding experiments and cytological study in Drosophilai From 
such data the chromosome theory, of inheritance was formulated, and 
'many of the details of the physical basis of heredity were thus described 
and explained. The chromosome 'theory, together with some of the 
evidence which supports it, will be discussed more fully in the next 
chapter, while the remainder of this one will present and explain typical 
cases of linkage in animals and plants. 

It has already been shown above by examples from sweet peas 
that certain factors do not assort independently after a cross but. tend- 
to ' remain in the same combinations in which they entered it. It is 
hot evident from the examples cited what causes this tendency. To 
make the matter clear, it will be necessary to consider a case of linkage in 
detail and especially to trace the behavior of the genes during the critical 
stage of the formation of the gametes of the dihybrid when assortment of 
genes takes place. From what has been learned of this process in Chap- 
ter IV, it would be expected that the combinations of genes in the gametes 
from a double heterozygote (such as Aa Bh) would be best determined 
by backcrossing it to the double recessive, aa bb. The gametes of the 
heterozygote, A B, Ab, aB, and a6, unite in this case only with recessive 
gametes afe; and the appearance of the offspring Aa Bb, A a bh, aa Bh, 
and aa provides an accurate indication of the genetic constitution of 
the gametes of the heterozygous parent, since each dominant gene in 
the progeny is directly traceable to the gamete in which it was contained. 
In an F 2 generation from Aa Bb, on the other hand, the individuals 
containing both dorgiinant genes may be traceable to unions either of 
AB gametes with ab or of Ab with aB, and so on. The assortment of 
factors in the gametes of the hybrids is obscured by dominance, and the 
F 2 ratio, therefore, does not give a direct index of the kinds of gametes 
produced by the Fi. For this reason cases in which linkage is suspected 
are usually investigated by crossing individuals heterozygous for the 
genes involved with individuals recessive for these genes. 
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Linkage in Maize. — A clear case of linkage in maize has beeninvesti- , 
gated in this way by Hutchison. The difference between colored and 
colorless seeds in this plant may depend on a single factor pair (C, colored; 

Cj colorless). Colored acts as a simple dominant to colorless. Similarly 
with regard to the character of the endosperm or the part of the seed 
which contains the food stored up for the embryo, a single gene has been 
found to differentiate a type in which the endosperm is full or plump 
from one in which it is shrunken or indented. Full, >S, is dominant to 
shrunken, s. When a plant with colored, full seeds is crossed with a plant 
with colorless, shrunken seeds, the Fi seeds are colored and full. As 
in the example from sweet peas, an F 2 raised from this Fi fails to^^exhi bTDi 
the 9 ^3:3:1 ratio which it is customary "to expect from a dihybrid. | 
Instead of such a ratio it is founSrhat'neaflylirbTTEe 
colored and full as in one parent or colorless and shrunken as in the other. 
The new combinations, colored with shrunken and colorless with full, are 
not found in normal proportions. It is, therefore, e vident that the genes. 
f or seed color and endosperm character are linke d. * w/ 

"in order^to" t^ Imlcage Hutchison crossed a colored, full-seeded 

plant with a colorless, shrunken-seeded one. A large number of Fi 
colored, full plants {Cc Ss) were then backcrossed to the double recessive 
type, colorless, shrunken {cc ss). It would be expected, on the principle 
of independent assortment, that the Fi would form four kinds of gametes 
m equal numbers, CS, Cs, cS, and cs, and that when united with gametes of 
the type cs, from the double recessive, the following kinds of progeny 
would be produced in equal numbers: 

Colored, full . Cc Ss 

Colored, shrunken Cess 

Colorless, full cc Ss 

Colorless, shrunken cc ss 

When the cross was made, however, this expectation was not realized, 
but the following result \vas obtained (data from Hutchison, 1922) 

Pi Colored, full X colorless, shrunken 
CS/CS i " cs/cs 
Fi Colored, full 

Fi Colored, full X colorless, shrunken 
CS/cs I cVes 

Backcross Progeny 

Colored, Colored, Colorless, Colorless, 

Full Shrunken Full Shrunken Total 

CS/cs Cs/cs cS/cs cs/cs 

4,032 149 152 4,035 8,368 


^ In representing the genotype in which the factors are linked, the factor combi- 
nations are written as they enter the aygote, those from one parent above a line, those 
from the other below it. 
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The parental combinations (colored, full and colorless, vshrunken) are 
more numerous than expected, while the recombinations (colorless, full 
and colored, shrunken) are correspondingly less numerous than expected 
(Fig. 69). This inequality in the progeny of the backcross proves the 


Fig. 69. — The kernels on this ear show linkage of factors for aieurone color and for 
shrunken endosperm. It resulted from the cross of a heterozygous plant (which had 
received the factors for colored and full from one parent and for colorless and shrunken 
from the other) with a double recessive colorless, shrunken plant. Most of the kernels 
are colored and full or colorless and shrunken (parental combinations) and a few have the 
new combinations colored shrunken and colorless full. Such new combinations are desig- 
nated by X. {From Hutchinson^ in Journal of Heredity.) 

existence of a similar inequality in the gametes of Fi. Instead of being 
produced in equal numbers, these must have been formed as follows: 


Parental combinations 


New combinations 


4,032 
\cs 4,035 

8,067, or about 96.4 per cent of the total gametes 
tested 

\Cs 149 
icS ^ 

301, or about 3.6 per cent of the total gametes 
tested 


Under independent assortment these two classes of gametes would 
each have comprised 50 per cent of the total. It is obvious then that the 
two factor pairs, C-c and S-s, have not assorted independently, and it may 
b e^d tKarthey are Unkedio^^&r. :>^ The indic^ion ^ 
some evid^ like the above, of 'departure from the ratio expected on 
the theory of independent assortment. 

One step, therefore, in the explanation of linkage is the discovery of 
the fact that the gametes of a plant or animal whioh is heterozygous for two 
linked traits are not f ormed in equal numbers but that the gametes with the 
parental combinations of genes are always more numerous than the gametes 
with the new combinations of genes. This fact holds good for all pairs of 
linked characters, no matter in what combination they enter a cross. In 
the first illustration the factors C-c and S-s entered the cross in the com- 
binations CS from the colored, full parent and cs from the colorless, 




shrunken parent^ and these combinations tended to remain intact; but 
in another experiment the original parents were colorless, fiill^and colored, 
shrunken. The Fi was, of course, the same in appearance as in the 
previous cross, and this was backcrossed to the double recessive. The 
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Fig. 70. — An ear of similar ancestry to that on preceding page (Fig. 69) except that 
the factors entered the Fi plants in different combinations, colored and shrunken coming 
together from one pure parent and colorless and full from the other. The recombinations 
(a:) in this case are colored full and colorless shrunken. {From Hutchinson^ in J ournal of 
Heredity,) 

progeny of this cross showed (Fig. 70) an excess of colorless, full and 
colored, shrunken kernels — the parental combinations — as shown below: 

Pi Colorless, full X colored, shrunken 
cS/cS I Cs/Cs 

Fi Colored, full 

Fi Colored, full X colorless, shrunken 
cS/Cs I cs/cs 

Backcross Progeny 

Colored, Colorless, Colorless, 

Shrunken 


Colored, 

Full 

CS/cs 

638 


Shrunken 

Cs/cs 

21,379 


Full 

cS/cs 

21,906 


cs/cs 

672 


Total 

44,595 


Whatever the parental combinations may be, linkage tends to keep them 
intact. 

The best explanation of linkage which has been proposed is based on 
the assumption that Imked genes are loc ate d m the same chromosome. It 
has been shown above that at the reduction division one member of each 
pair of chromosomes of the parent goes into each gamete which is formed. 
If, then, two genes such as c and s are present in one chromosome of the 
parental plant, these should be inherited together and should follow 
the same course as the chromosome which bears them. The history of 
the chromosomes carrying these two genes is shown in Fig. 71. 

Crossing Over. — If two genes are located in the same chromosome, 
however, and the chromosome remains intact in inheritance, the two 
factors should remain together in all cases, or, in other words, linkage 
should be complete. This is not what happens, for linkage is generally 
only partial, the linked genes sometimes separating. In the example 
cited above, the genes held together in about 97 per cent of the cases 
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but broke apart in about 3 per cent. In other crosses two genes have been 
found to remain together in nearly all the gametes, as, for instance, 


Colored, Full 


Colorless, Shrunken 



Colored, Full 
(CS)(C8) 

Numbers 


Colorless, Shrunken Colored, Shrunken 

(C8)(cs) (C&)(C6) 

4.035 149 


Colorless, Full 
(cS)(cs) 

isa: , 


Non<rossovers,9G.47o Crossovers, 3.C% 

Fig. 71— Diagram showing the chromosome explanation of linkage and crossing over 
in maize. The history of the genes for colored*coIorless (C-c) and f nil-shrunken (S-s) 
and of the chromosomes in which they are located is traced through a cross between two 
pure types and the backcross of Fi with a double recessive- (Data from Hutchison.) 

in rats, where the gene for albinism and that for yellow coat remain 
together in over 99 per cent of the Fi gametes and separate in less than 
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1 per cent; or the genes may separate in nearly 50 per cent of the cases, as 
in Drosophila, where two genes called “star” and “speck” are associated 
in 52 per cent and separate in 48 per cent of the gametes. Those cases in 
which linked factors break apart from their original combinations, 
that is, in which genes originally separate become united in one gamete or 
individual, or in which genes originally together become separated, are 
known as recombinations, or crossovers. Under independent assort- 
ment the parental combinations and the recombinations are approxi- 
mately equal in number. Under linkage the parental combinations are 
always more numerous than the recombinations. Linkage may vary 
greatly with different genes, producing all the way from very few to 
nearly 50 per cent of recombinations. 



Fig. 72.— -Diagram showing the assumed mechanism of crossing over between genes 
6 and in the same chromosome. The chromosome containing feF is shown in black and 
Bn ixi white, each chromosome having split into two sister chromatids. Crossing over is 
between two nonsister chromatids. Left, before crossing over; center, during crossing 
over; right, after crossing over. Each chromatid will enter a different gamete. 

If genes which exhibit linkage do so because they are located in the 
same chromosome, then it must be assumed that when breaks in this 
linkage (crossovers) occur, they are caused by an interchange of parts 
between members of a pair of homologous chromosomes, as a result of 
which the genes are separated and ultimately enter different gametes 
(Fig. 72). The genes which have crossed over will then appear in 
different individuals among the progeny. 

Evidence as to the mechanism of such crossing over and as to the time 
of its occurrence has been obtained from a study of the chromosomes 
themselves in the ceil divisions immediately preceding gamete formation. 
It has been pointed out in the preceding chapter that just before meiosis 
the members of each pair of homologous chromosomes come close together 
in the process of synapsis and conjugate^ in most cases extending side 
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by side throughout their length, each portion of one chromosome appar- 
ently lying exactly opposile the corresponding portion of the other. 
There is evidence that this is brought about by the mutual attraction 
between similar parts of the pair of homologous chromosomes. This 
clearly affords an opportunity for andnterchange of material between the 
two, and there is some cytological evidence that this does actually take 
place. Thus Janssens in 1909, before the chromosome theory had been 
definitely formulated, noted the frequency of apparent crossing or fusion 
of strands between the two members of chromosome pairs at about this 
stage. He termed these chiasmata (Fig. 73) and presented evidence 
that through their agency there is an exchange of segments between the 
members of conjugating pairs. Since that time, numerous cases in both 
ammW-ji,.. J plants have been described and figured in which the two 



Fig. 73. — Chromosomes of Callisia showing chiasmata. {From Sax,) 


members of a pair, at some stage between conjugation and separation, 
seem to be twisted about one another. 

The earlier idea that an exchange comes about by the breaking of the 
twisted conjugating chromosomes at the point where they cross and 
that a chiasma thus precedes and may be said to cause a crossover is 
now generally yielding to the view that the actual exchange of material 
takes place before chiasma formation and that chiasmata are thus the 
result rather than the cause of chromosomal interchange in crossing 
over. There are at present various interpretations of the cytological 
evidence as to the relationship between chiasmata and crossing over, but 
there is agreement as to the essential fact that although each pair of 
chromosomes enters synapsis intact, they may emerge as composite 
structures, one part (or more), with all its constituent genes, having come 
from the mother and the other from the father (Fig. 72). It should be 
emphasisied that it is not single genes but blocks of genes (large portions 
of chromosomes) which are thus presumably exchanged. 

/ The Time of Crossing Over. — It was formerly thought that crossing 
’ over occurs between individual whole chromosomes at synapsis. Ample 
(widence is now at hand, however, that such is not the case but that 
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crossing over does not take place until afte^y chromosomes have each”'' 
split into' ' a pair of chromatids, early ip<f^^phase, :and that it occurs 
oiiiy between chromatids. Thus not t’^sj^^hds are involved in synapsis 
and crossing over but four — the two ^^matids from each of the two f 
conjugating chromosomes (Fig. 72). 

This has been proved genetically in a number of cases, especially 
through the use of races in which there are three chromosomes in a set 
instead of two (triploids or trisomics, p. 326). In such a case in Drosophila 
where the genic constitution of each of these homologous chromosomes 
was known, it was found that all six chromatids might be unlike after 
crossing over. \/rhis result could not take place if crossing over occurred 
between chromosomes which afterward split into chromatids, for there 
would then be only three different kinds of chromatids. It is explainable, 
however, if crossing over does not take place until chromatids have been 
produced. A somewhat similar proof has been made for maize (Rhoades) 
where a trisome with two dominant and one recessive allelic genes was 
found occasionally to bear a gamete with two recessives, which could not 
occur if crossing over were between whole chromosomes. 

Cytological proof that crossing over takes place between chromatids 
and at the four-strand stage is furnished by cases (among others) where 
it is possible to identify the two chromosomes involved by some structural 
difference. Thus in maize Creighton and McClintock found that one 
of the chromosomes has a terminal knob which is large in some races 
but small in others. In a plant heterozygous for this knob difference, a 
large-knobbed chromosome synapses with a .smail-knobbed one, but at 
reduction it may be observed that sometimes each of fhe two pairs of 
chromatids separating at the first division contains a large-knobbed and 
a small-knobbed member, thus showing that there has been an inter- 
change of material between two homologous chromatids without involving 
the entire chromosome. A similar demonstration has been given for 
Drosophila. 

Of course, if crossing over is between chromatids and not chromo- 
somes, the percentage of chiasmata observable in a given region of a 
chromosome at meiosis must be twice as great as the percentage of genetic 
crossovers in this region. That this is true is suggested by the fact that 
where frequency of chiasmata has been measured, this has been found 
to be about twice the amount of crossing over observed. 

- The Measurement of Linkage. — ^Linkage occurs in different degrees ; 
and is thus a quantitative phenomenon which may be measured by the 
amount of crossing over which occurs. If there is but little crossing over 
betw^een two geneej' it is said tfiatl’Ee^ is strong or close; if there is 

much, it is said that the linkage is weak or loose. The usual method of 
measuring linkage is therefore^ to cross an aninial or plant which is 
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heterozygous for the linked genes, such as CS/cs^ with the double 
recessive and to count the numbers of individuals in which the 
two genes remain in their original parental combinations (the noncross- 
overs) and the individuals in which the two genes have formed new 
combinations (the crossovers). The strength of linkage is then expressed 
as the crossover value, or the percentage of crossovers in the total number 
of progeny. Thus in the example used (p. 195) the total number of 
individuals observed was 8,368, of which the crossovers numbered 301 
(149 + 152), or about 3.6 per cent of the total. The genes for colorless 
and shrunken or their alleles, colored and full, are therefore said to be 
linked, with a crossover value of 3.6 per cent. It should be remembered, 
of course, that linkag e strength va ries inver sely ^^ s the cr ossover value. 

The degree of linkage between two given genes is constant for a given 
set of conditions, and once it is accurately measured, it may be made the 
basis of prediction for the behavior of these genes in subsequent breeding 
operations, regardless of the way in which they enter the cross (whether 
together or apart). Knowing the character of the gametes formed by an 
individual heterozygous for two linked genes, it is possible to predict what 
the offspring of this individual will be, when it is crossed not only with a 
double recessive but with any other individual. This can perhaps best be 
explained by using a somewhat simpler case than that of the maize prob- 
lem. Assume, for example, that two genes A and B are linked with a 
crossover value of 20 per cent. If a homozygous AB individual is crossed 
with an ab one, the Fi, AB/ab, will form the following gametes: 

40 per cent AB ) oa ^ 

.h 80 per cent noncrossovers 

40 per cent ah) 

10 per cent Ah) 

1 A X of 20 per cent crossovers 

10 per cent aB > 

Now if it is desired to determine the appearance of the Fg from 
the cross AB/ab X AB/ab^ a checkerboard may be constructed in the 
usual way except that the four types of gametes must be weighted by 
multipl 3 dng them by their relative frequencies. This is necessary because 
the four types are not now equal in numbers (as in independent assort- 
ment); those of the type AB are four times as nunaerous as those of the 
type Ahj for example. In determining the number of offspring produced 
by a given gametic combination, therefore, the frequency of one type of 
gamete must be multiplied by the frequency of the other. The com- 
binations will thus not be equal in number, but some will be represented 
by more individuals than others. The F 2 in the example is worked out 
in the checkerboard in Fig. 74. By adding together all the individuals 
of each visibly similar group, the F 2 will be found to consist of 66 per cent 
which appear A B, 9 per cent A &, 9 per cent aB, and 16 per cent ab. 
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A formula for determining crossover percentage from an F2 ratio is 
presented at the end of this chapter. 

The amount of crossing over, or linkage strength, is also used in . 
determining the location of genes in the chromosomes, since it may be 
assumed that the frequency of crossing over is proportional to the distance 
between the genes. Genes which seldom cross over are assumed to be so 
near together that a break in the chromosome is not likely to occur 
between them; while those which cross over more frequently are assumed 
to be farther apart. This is explained at greater length in the next 
chapter. 



4 AB 
(40%) 

1 Ab 
(10%) 

laB 

(10%) 

4 ab 
(40%) 

4 AB 
(40%) 

16 (AB) (AB) 

4 (AB) (Ab) 

4 (AB) (aB) 

16 (AB)(ab) 

lAb 

(10%) 

4 (AB) (Ab) 

1 (Ab) (Ab) 

1 (Ab) (aB) 

4 (Ab) (ab) 

laB 

(10%) 

4 (AB) (aB) 

1 (Ab) (aB) 

1 (aB) (aB) 

4 (aB) (ab) 

4 ab 
(40%) 

16 (AB) (ab) 

4 (Ab) (ab) 

4 (aB) (ab) 

16 (ab) (ab) 


Fig. 74. — -Checkerboard showing the expected composition of the F 2 from a cross 
between individuals differing in two linked genes Aa and Bb, which show 20 per cent of 
crossing over. 

Ji-v, 

Complete Linkage. — The examples used have all been drawn from , 
cases of partial or incomplete linkage, in which crossing over occurs with J 
measurable frequency. There are a number of cases, however, in which j 
linkage appears to be complete, so that the genes always remain in their 
original combinations. This may be due to the^absehce bf crossing over j 
under special conditions,^ or it may mean that the genes are so near ' 
together in the c'Hro'mbsome that a break never occurs between thein. _ ^ 

Examples of the first type are very common in experiments with' 
iDrosophila, since in this fly it has been found that crossing over rarely’ 
ipr never takes place in the germ cells of the wioZe. | Thus if a gray-bodied, 

* vestigial-winged fly is crossed with a black-bodied, long-winged on§, the 
Fi generation is foupd to consist entirely of gray-bodied, long-winged flies. 
If one of the Fi males is crossed to. the double recessive type (a black- 
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bodied, vestigial-winged female), only two kinds of offspring are pro- 
duced — gray, vestigial and black, long (Fig. 75). The expected types of 
crossovers — gray, long and black, vestigial — do not appear at all. If, 
however, an 'Pi female fly is crossed with a black, vestigial male, the four 



50 % 50 % 

Fig. 76. — Complete linkage (no crossing over) in the male of Drosophila. Results 
of a cross between a gray, vestigial male and a black, long female; and of a backcross of 
the Fi male with a black, vestigial female. Note that the offspring of this backcross are 
all like the original parents and that there are no crossovers. {From Morgan, Sturtevant, 
Muller and Bridges, courtesy of Henry Holt & Company.) 


expected types (Fig. 76) are produced in the following proportions (data 
from Morgan, 1919): 


Nonckossovbrs Crosbovkrs 

Gray, vestigial Black, long Black, vestigial Gray, long 

41.5 per cent 41.5 per cent 8.5 per cent 8.5 per cent 


83 per cent 


17 per cent 



41.5% 41.5% 8.5% 8.5% 

Fig. 76. — Crossing over in the female of Drosophila. Results of a cross between a 
gray, vestigial male and a black, long female; and of a backcross of the 'Fi female with a 
black, vestigial male. {From Morgan, StuHevant, Muller and Bridges, courtesy of Henry 
Holt & Company.) 

the male is not due to the extreme closeness of the genes in the chromo- 
some. It must be due, then, to conditions peculiar to the male, such as 
the nonoccurrence of chiasmata in spermatogenesis. Only a few cases 
are known in which linkage is always complete in one sex; in the several 


Crossing over is evident in about 17 per cent of the gametes. Ihe 
second experiment shows that a perceptible distance separates the genes 
for black and vestigial and that absence of crossovers in the gametes of 
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species of Drosophila it is so in the male, and in the silkworm moth, in 
the female. In other animals and plants for which there is sufficient 
evidence, crossing over is found to occur in both sexes, although the 
frequency may differ somewhat in males and females. 

Theoretically, cases of complete linkage should be possible in which 
genes do not separate because they are so close together in the chromo- 
some that a break cannot occur between them. Actual instances which 
might be explained in this way are rare or may not occur at all. 

Factors Affecting the Strength of Linkage. — The amount of crossing 
over between two given genes has been shown in some cases to be affected 
by various internal and external factors. Allowance should be made for 
these if careful measurements of linkage are to be made. Sexual differ- 
ences in crossing over have already been mentioned. The other potent 
internal factor is modi fication of the normal structure of t he chromosomes. 
Thus it was found that in hybrids between certain races of Drosophila 
there was practically no crossing over between some of the genes. Such 
results, at first thought to be duetto genes for the suppression or reduction 
cr ossin g over ,_have now b een shown t o f o llo w fr om the inyMsioTro i 
■ portio ns of a chromosome.. JB....234). In individuals heterozygous for 
such an inversion, homologous genes do not lie opposite each other, a 
condition that apparently reduces normal recombination. It is a curious 
fact that, if a pair of Drosophila chromosomes is heterozygous for an 
inversion, crossing over is increased in the other pairs. In maize, 
chromosome rearrangements (inversions, translocation, p. 239) appear 
generally not to interfere seriously with normal pairing within the 
affected chromosome pair.' Mutant genes are known which tend to 
decrease the amount of crossing over in particular regions of a chromo- 
some, in an entire chromosome, or in the entire chromosome complement. 
Moreover Bridges has shown that with increasing age of the female 
in Drosophila melanogaster the amount of crossing over in her gametes 
tends to be reduced. This effect is nearly negligible in the X chromo- 
some and for large parts of II and III but is particularly marked in 
the middle regions, that is, the regions near the spindle-fiber attach- 
ment, in these last two. There is evidence from several other directions 
that' the amomiLjff^crQSsm in any regi ^ on the dis tan ce 

of tha^point from the' spindle-Jbe^i^chjmeS^^^ because ISEe 

coiling a nd ass ^mtion^^Ohe stra nds begin at, such attachment points^" 
External factors^^also affect the frequency of crossing over. Females 
of iSTmelrnwgader were reared by Plough at low, intermediate^ 
temperatures. Helound that" irb ot h e xtremes th^^^^ crossing 

female-lies from the extremes to room temperature and observing the 
length of time before the crossover percentage dropped, he was able to 
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determine the stage in egg development at which temperature was 
effective in altering the percentage and found that the initial effect 
appeared at about the time of chromosome conjugation. 

In addition to heat, treatment with X rays or with certain chemicals 
may profoundly affect crossing over, the general result being to increase 
the frequency. Under the influence of X rays, for example, crossing 
over may be induced to occur in the autosomes of Drosophila males. 

Although the strength of linkage is thus shown to depend on several 
variables, knowledge of thei^e has made it possible to control them and 
thus under carefully standardized conditions to obtain repeatedly the 
same linkage relations between the same genes, indicating that an orderly 
process underlies these phenomena. 

V Somatic Crossing Over. — Although linkage and crossing over were 
first demonstrated during the meiotic cycle they have been shown to 
occur also in somatic cells, at least in certain animals. Stern has demon- 
strated this for Drosophila melanog aster. When two linked genes affecting 
characters that can be seen in most areas of the body, such as yellow body 
and singed bristles, have entered the zygote separately (from different 
parents), y Sn/Y sn^ the heterozygote normally shows the effect of the 
dominant alleles, that is, gray body and normal bristles. But under 
certain conditions (presence of a type of mutation which is known as 
“Minute,’^ the heterozygous fly shows spots of tissue in which each of 
the recessives has become homozygous (2/2/ and sn sn)^ that is, some spots 
show yellow and others show singed. This could occur only if crossing 
over between y and sn had taken place at a four-strand stage, when a 
y sn (crossover) chromatid had been segregated into the same daughter 
cell with a, y Sn (noncrossover) chromatid in one case {ysn/ySn) and 
with a Y sn (noncrossover) chromatid in the other (y sn/Y sn). These 
two types of spots were found in large numbers; other assumptions lead 
to types of spots which were not found. The assumed exchange that 
occurs between chromatids in somatic crossing over is facilitated by the 
“somatic pairing that occurs in Diptera in which the homologous 
chromosomes lie side by side in somatic cells. Somatic crossing over has 
not been demonstrated in other organisms, although in maize Jones 
has found neighboring spots of different genetic constitution in the 
aleurone and endosperm. Some of these appear to‘ be due to exchanges 
between homologous chromosomes; but whether these occur by crossing 
over or by some other mechanism is not certain. 

^ Measurement of Linkage from F2 Data. — There are a number of 
methods for determining crossover values from F2 data. One of these 
(from/lmmer) is presented below. Here a, b, c and d are the numbers of 
individuals in the phenotypic classes ABy Ab, aBy and ab, respectively. 
The crossover value when A and B come into the cross separately (“repul- 
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sioii’O is designated by p and when they come in together coupling'') 
by 1 ““ p. The value of p is determined from the equation 




(be + ad) + VCbc + ad)^ + ad (be — ad) 
(be — ad) 


The standard error of both p and 1 — p, when n is the total number 
of individualSj is then 


CTp 


and 


<^ 1 - - 


( 1 - p^)(2 + p^) 

2n(l + 2p2) 


The application of this formula to the data on linkage between purple, 
long and red, round in sweet peas, given on page 192 is made as follows: 


P 

a 

b 

c 

d 

n 


~(bc + ad) + •\/(bc + ad) ^ + ad (be — ad) 
(be — ad) 


4,831 

be == 

153,270 

390 

ad = 

6,463,878 

393 

be ± ad = 

6,617,148 

1,338 

be — ad = 

- 6,310,608 

6,952 




= /-6, 617, 148 + \/'(6,617,148)^ + 6,463,878(- 6,310,608) 


-6,310,608 


= 0.8799 


O'p — 




(1 - p 2)(2 + p 2) 


2n(l + 2p2) 
0.0042 




"(1 - 0.87992) (2 + 0.87992) 
2 X 6,952(1 + 2 X 0.87992) 


Since this is a coupling cross, the crossover value is (1 — p) or 0.1201 
±0.0042. 

The ^2 test shows the data to give a close fit to expectation for an F 2 
with 12 per cent crossing over. 

This formula is used when both genes show 3 : 1 segregation. When 
one shows 3 : 1 and the other 1 : 1, or in cases of complementary gene action, 
other formulas are to be employed (see Immer). 
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PROBLEMS 

263. Why should it be true that if crossing over is between chromatids, the 
percentage of chiasmata in a given region will be twice as great as the percentage 
of genetic crossovers there? 

264. If two loci a and h are 10 map units apart, in what percentage of the 
gametes should a chiasma have been formed in this region? 

266. If the average number of chiasmata per tetrad is two, what should be 
the maximum length of the genetic map of this chromosome? 

266. Why should spindle-fiber attachment influence the amount of crossing 
over between chromatids? 

267. How would you prove that purple flower color and dark stem color in 
Datura, which occur together, are due to a single gene rather than to two linked 
genes? 

268. How would you determine whether characters which show no crossing 
over were due to alleles or to closely linked genes? 

269. In Drosophila the genes for red, eosin, and white eye color are alleles. 
The gene for yellow body is linked with white eye with a crossover value of 
1.5 per cent. What is the probable crossover value between eosin and yellow? 

270. From what you have learned of the chromosome mechanism of crossing 
over would you expect to find chiasmata in spermatogenesis in Drosophila? 

271. If a factor for high egg production and one for barring are both sex-linked 
traits, of what practical importance would this be to the poultry breeder? 

Note,— In problems involving linkage it is customary to designate the normal 
alleles of mutant genes by -|- (wild type) . The genes in each member of a pair of 
chromosomes are written separately above and below a line (p. 226). 


210 


PRINCIPLES OF GENETICS 


272. Assume that genes a and h are linked and show 40 per cent of crossing 
over. K a individual is crossed with one which is what will be the 
genotype of the Fi? What gametes will the Fi produce and in what propor- 
tions? If the Fi is crossed with a double recessive what will be the appear- 
ance and genotypes of the offspring? 

273. If the original cross is ^ X what will be the genotype of the Fi? 

What gametes will it produce? If the Fi is crossed back with a double recessive, 
what will be the appearance of the offspring? 

274. What will be the appearance of the F 2 (Fi X Fi) of the crosses described 
in the two preceding questions? 

275. An individual homozygous for genes cd is crossed with wild type and the 
Fi crossed back to the double recessive. The appearance of the offspring is as 
follows: 


903 + + 
898 c d 
98 +d 
102 c + 


Explain this result, giving the strength of the linkage between c and d. If 
assortment between c and d were independent, what would be the result of this 
cross? 

276. If the cross in the preceding question had been between a homozygous . 
+d individual and a homozygous c+ one, what would be the result of the cross of 
Fi X the double recessive? 

277. Calculate the percentage of crossing over between the factors for color- 
less aleurone and shrunken endosperm in corn from the combined data from both 
coupling (p. 196) and repulsion (p. 197) experiments. 

Note , — In Drosophila the mutant known as black,” b, has a black body in 
contrast to the wild type, which has a gray body; and the mutant ^^arc,” a, has 
wings which are somewhat curved and bent downward, in contrast to the straight 
wings of the wild type. 

278. In the two following crosses the parents are given (homozygous in each 
case) together with the counts of the offspring of Fi females bred to black, arc 
males (data from Bridges and Morgan) : 

I. Black, arc X wild type (gray, straight) 

Fi females X black, arc males give: 


Gray, straight. ... . ...... 1,641 

Gray, arc ... ..... . . . . . 1,251 

Black, straight. 1,180 

Black, arc. ... . . ..... ........ ... ....... ........ ... . . . . 1,532 
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11. Black, straight X gray, arc 

Fi females X black, arc males give: 


Gray, straight 281 

Gray, arc 335 

Black, straight 335 

Black, arc 239 


From these data calculate the crossover value between black and arc. 

Note , — In Drosophila the mutant known as ' Vestigia V v, has wings which 
are very much reduced as compared with the long wings of the wild type. 

279. In the two following crosses the parents are given, as in the previous 
question, together with the counts of offspring of Fi females X black, vestigial 
males (data from Bridges and Morgan) : 

I. Black, vestigial X wild type (gray, long) 

Fi females X black, vestigial males give: 


Gray, long 822 

Gray, vestigial 130 

Black, long 161 

Black, vestigial 652 


IL Black, long X gray, vestigial 

Fi females X black vestigial males give: 


Gray, long — 283 

Gray, vestigial . 1,294 

Black, long 1,418 

Black, vestigial 241 


From these data calculate the linkage strength between black and vestigial. 

Note . — -In tomatoes Jones has found that tall vine is dominant over dwarf, 
and spherical fruit shape over pear. Vine height and fruit shape are linked, with 
a crossover percentage of 20 per cent. 

280. If a homozygous taU, pear-fruited tomato is crossed with a homozygous 
dwarf, spherical-fruited one, what will be the appearance of the Fi? of the Fi 
crossed with a dwarf, pear? of the F 2 ? 

281. What genotypically different types will there be in the F 2 of the preceding 
cross? What offspring will each of these produce if selfed? 

282. A certain tall, spherical-fruited tomato plant crossed with a dwarf, pear^- 
fruited one produces 81 tall, spherical; 79 dwarf, pear; 22 tall, pear; and 17 dwarf, 
spherical. Another tall spherical plant crossed with a dwarf pear produces 21 
tall, pear; 18 dwarf, spherical; 5 tall, spherical; and 4 dwarf, pear. What are the 
genotypes of these two tail, spherical plants? If they were crossed what would 
their offspring be? 
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Note. — The inheritance of grain color in wheat is described on page 107. 

283. What would be the F 2 ratio of red and white grains from a cross of red by 
white if two duplicate factors for red were linked, with a crossover value of 
10 per cent? 

Note. — In rats dark eyes are due to the interaction of two genes R and P, 
the recessive allele of either producing light eyes. These genes are in the same 
chromosome. 

284. When homozygous dark-eyed rats were crossed with double reces- 

-j — j_ 

sive ones ^ and the Fi crossed back with the double recessive, the following 

offspring were obtained (data from Castle) : 

Dark-eyed 1,255 

Light-eyed 1,777 

-I /y-j y* 

When animals were crossed with — - ones and the Fi crossed back with 
-Pp 

the double recessive, the following offspring were obtained: 

Dark-eyed 
Light-eyed 

Calculate the linkage between r and p. 

285. In Drosophila white eye color and club wing are both sex-linked with a 
crossover value of about 15 per cent. If a wild-type female (red, long) is crossed 
with a white, club male, what will be the appearance of the offspring? If both 
males and females of the Fi are crossed back to pure white, club stock, what will 
be the offspring in each case? 

286. In the fowl assume that e (early feathering) and B (barring) are sex-linked 
and show 20 per cent of crossing over (in the male only) . If a male from a cross 
of late-feathered barred male X early, black female is mated with an early, black 
female, what will be the appearance of their offspring, as to feathering and 
barring? 

287. Assume that genes a and h are linked, with a crossover percentage of 
20 per cent; and that c and d are also linked, with a crossover percentage of 
10 per cent but are in another chromosome. Cross a plant homozygous for 
ABCD with one which is abed and cross the Fi back on abed. What will be the 
appearance of the off’spring of this cross? 

Note. — In tomatoes red fruit color is dominant over yellow and is independent 
of the factors, for height and fruit shape (for other data see Problem 280). 

288. Cross a homozygous tall, spherical-fruited, red-fruited plant with a 
dwarf, pear-fruited, yellow-fruited one and then cross the Fi back with a dwarf, 
pear, yellow. What will be the appearance of the offspring? 

289. In sweet peas a cross of a homozygous, procumbent, hairy, white-flowered 
plant with a bush, glabrous, colored-flowered one, produces an Fi which is ail pro- 
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ciimbent, hairy, and colored-flowered. If this Fi is crossed on a bush, glabrous, 
white-flowered plant, the offspring would be expected to show approximately the 
following distribution (data adapted from Punnett) : 

Per Cent 

Procumbent, hairy, colored 6 

Procumbent, hairy, white 19 

Procumbent, glabrous, colored 6 

Procumbent, glabrous, white 19 

Bush, hairy, colored 19 

Bush, hairy, white . 6 

Bush, glabrous, colored 19 

Bush, glabrous, white 6 

Explain these results, determining the strength of such linkages as may be 
observed. 

290. In Drosophila yellow body is sex-linked and recessive to the gray body of 
the wild fly. Vermilion eye is also sex-linked and recessive to the wild red eye. 
The genes for yellow and vermilion show about 28 per cent of crossing over. 
The gene for vestigial wings is in one of the autosomes. If a homozygous yellow- 
bodied, red-eyed, long-winged female is crossed with a homozygous gray-bodied, 
vermilion-eyed, vestigial- winged male; and if an Fi female is crossed with a yellow, 
vermilion, vestigial male, what will be the appearance of the offspring of this last 
cross? 

291. Assume that an individual homozygous for is crossed with one 
homozygous for ab and that the F 2 from this cross is as follows : 

334 -j — h, S7 ~\~b, 38 (X-f-, and 87 ob 

How different is this result from that which you would expect if assortment 
between a and b were independent? What is the Mnkage between a and 6? 
Test your result by determining 

292. Using the data given in your text for the F 2 of a cross in sweet peas 
between purple-flowered, round-pollened plants and red-flow^ered, long-pollened 
ones, determine the strength of the linkage between flower color and pollen 
shape. 

293. In sweet peas a cross between a homozygous bright-flowered, tendril- 
leaved plant and a dull-flowered, acacia-leaved (tendrilless) plant produced an 
Fi which was all bright, tendril. The F 2 from this cross was as follows (data from 
Punnett) ; 

424 bright, tendril 
99 dull, tendril 
102 bright, acacia 
91 dull, acacia 

The cross of bright, acacia on dull, tendril also gave an Fi which was ail bright, 
tendril, but the F 2 in this case was as follows: 
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847 bright, tendril 
298 dull, tendril 
300 bright, acacia 
49 dull, acacia 

What is the percentage of crossing over between these genes? 

294. A ABB X aabb gives the following segregation in Fa: 

AB Ab aB ab 

582 172 169 77 

Do you that a and 6 are linked or independent? Give evidence for your 
answer. Compare the actual distribution with the theoretical expectation on the 
basis of (1) independent assortment of a and 6: (2) 40 per cent crossing over 
between o and b, using the test. 


CHAPTER IX 


GENES AND CHROMOSOMES 

The facts presented in the preceding chapter have led to the con- 
clusion that linkage, instead of being a sporadic exception to Mendelian 
inheritance, is actually a widespread, orderly occurrence, subject to laws 
which are not only of the same cogency as those dealing with the segrega- 
tion of factors but which also give a reasonable explanation of the 
mechanism of segregation and assortment. The facts of linkage are 
best explained by assuming that linked genes are located in the same 
chromosome and that breaks in the linkage, or crossovers, are due to an 
actual interchange of parts between homologous chromosomes. 

Further research, in which the results of experimental breeding have 
been continually verified by direct examination of the chromosomes, have 
led to the development of a general theory — the chromosome theory of 
inheritance — which maintains that the genes are located in the chromo- 
somes. This was not an entirely new idea, for Weismann, beginning in 
1883, built up a theory of inheritance which regarded the chromosomes 
as the bearers of the elements of heredity, which he called ids. Investi- 
gators in the field of experimental embryology had also shown, even before 
the rediscovery of MendePs laws, that the nucleus rather than the cyto- 
plasm of the gametes provided the physical basis of inheritance. Frag- 
ments of eggs without nuclei, for example, could be fertilized by sperm of 
another species, and the embryos so produced showed the characters 
brought in by the sperm. Elimination of the paternal chromosomes from 
an early embryo, on the other hand, was followed by the development 
of the maternal characters only. 

By 1903 W. S. Sutton in the United States and Theodor Boveri in 
Germany had proposed a theory of the localization of Mendelian factors 
in the chromosomes and Sutton by pointing out in detail the parallelism 
between the behavior of the chromosomes and the Mendelian units 
foreshadowed the general theory that was to develop. 

The present theory, however, is based chiefly on the proofs, provided 
hj hreeding experiments, that the transmission of specific genes can be 
explained by and predicted from the operation of the chromosome 
mechanism as disclosed by cytological studies. The chromosome theory 
assumes that genes are parts of chromosomes. This is a very broad 
statement with many suggestive implications. It means that each gene 
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Table XVIII. — Paetial List of the Four Groups of Linked Mutant 
Genes in DTOsophila melttnogastev ^ Including Only Those Most Useful 
FOR Experiments (After Bridges 1937} 

For locations see Fig. 82 


Cheomosomb I OB 1 
Bar eye (B) 

Beadex wing (Bx) 
bifid veins {bi) 
bobbed bristles {bh) 
carmine eye (cm) 
carnation eye (car) 
crossveinless wing 
(cd) 

cut wing (ct) 
dusky wing (dy) 
echinus eye (ec) 
facet eye (fa) 
folded wings (fo) 
forked bristles (/) 
furrowed eye (fw) 
fused veins (fu) 
garnet eye (g) 

Hairy wing (Hw) 
lozenge eye (Iz) 
microchaete hairs 
(me) 

miniature wing (m) 
ocelliless (oc) 
prune eye (pn) 
raspberry eye (ras) 
roughex eye (rwx) 
ruby eye (rb) 
rugose eye (ru) 
sable body (s) 
scute bristles (sc) 
scalloped wing (sd) 
silver body (svr) 
singed bristles (sn) 
tan body (t) 
uneven eye (un) 
vermilion eye (v) 
wavy wing (tvy) 
white eye (w) 
yellow body (y) 


Chbomosome II 
abrupt bristles (ab) 
apterous (ap) 
arc wings (a) 
aristaiess (al) 
black body (h) 
blistered wings (bs) 
bloated wing (bio) 
Bristle (Bl) 
brown eye (bw) 
chaetelle bristles (chi) 
cinnabar eye (cn) 
clot eye (cl) 
comb-gap sex combs 

(eg) 

curved wings (c) 
dachs legs (d) 
dachsous wings (ds) 
dumpy wings (dp) 
echinoid eye (ed) 
engrailed scutellum 

(en) 

expanded wings (ex) 
fat body (ft) 
four-jointed legs (fj) 
Gull wings (G) 
hook bristles (hk) 
humpy thorax (hy) 
Jammed wings (J) 
jaunty wings (j) 
knot veins (kn) 
lanceolate wings (ll) 
light eye (It) 

Lobe eye (L) 
minus bristles (mi) 
morula eyes (mr) 
narrow wings (nw) 
net veins (nt) 
plexus veins (px) 
purple eye (pr) 
reduced bristles (rd) 
rolled wings (rl) 
roughish eye (rh) 
scabrous eye (sea) 
speck wings (sp) 
Star eye (S) 
staroid eye (sid) 
Sternop^eurals (Sp) 
straw body (stw) 
Streak thorax (Bifc) 
thick legs (tk) 
vestigial wing (??g) 
welt eye (wt) 


Chbomosome III 
anarista (on) 
approximated veins 
(app) 

bithorax (bx) 
blistery wings (by) 
cardinal eye (cd) 
claret eye (ca) 
crossveinless-c wings 
(cve) 

crumpled wings 
(emp) 

curled wings (cu) 
curvoid wings (cur) 
Deformed eye (Dfd) 
Delta veins (Dl) 
Dichaete wings (D) 
divergent wings (dv) 
ebony body (e) 
jButed wings (fl) 
glass eye (gl) 

Glued eye (Gl) 
Hairless (H) 
hairy body (h) 

Henna eye (Hn) 
inturn ed bristles (in) 
javelin bristles (ft) 
karmoisin eye (kar) 
Lyra wing (Ly) 
maroon eye (mo) 
Minute bristles (M) 
Minute-g bristles 
(Mg) 

Minute-w bristles 
(Mw) 

pink eye (p) 

Prickly bristles (Pr) 
radius incornpletus 
(veins) (ri) 
rase bristles (ro) 
rotated abdomen (rt) 
rough eye (ro) 
Roughened eye (R) 
roughoid eye (ru) 
scarlet eye (st) 
sepia eye (se) 
sepiaoid eye (sed) 
spineless bristles (ss) 
stripe body (sr) 
Stubble bristles (Sb) 
taxi wings (tx) 
thread aristae (th) 
tilt wings (tt) 
veinlet (ve) 
white-ocelli (wo) 


Chbomosome IV 
abdomen-rotatum (or) 
bent wings (bt) 
ciibitus interruptus 
(veins )(ci) 
eyeless (ey) 
grooveless scutellum 

(gvl) 

Scutenick scutellum 
(Sen) 

shaven bristles (sv) 
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occupies a measurable portion of space and that many hundreds of genes 
must be packed into the small compass of a tiny thread of chromatin, 
which can be seen only with high powers of the microscope. The nucleus 
of each cell is, on this view, to be regarded as a complex aggregation of 
units which are arranged and guided through the processes of inheritance 
and development by those laws which in the end are the physical and 
chemical laws of living matter. 

Genes of Drosophila. — Most of the evidence upon which the chromo- 
some theory was first based was derived from one animal, Drosophila 
melanogaster, although in recent years the principles have been confirmed 
and extended by experimental analysis of other species of Drosophila 
and other animals; and especially of the maize which has provided 



Fig. 77. — Some of the variations, chiefly affecting the wings, which have arisen by 
mutation in Drosophila. A, “truncate;” B, “balloon;” C, “vestigial;” D, “jaunty;” 
B, “apterous;” F, “strap;” G, “antlered;” “dachs.” {After Bridges and Morgan.) 

excellent material for cytogenetic study. Drosophila has been carefully 
studied by both geneticists and cytologists for over twenty-five years and 
has proved to be the best material yet found f^rmxperiiAents in genetics. 
It breeds readily in captivity and is extremels^-prgliflc,.^ single pair of 
flies producing upward of two hundred progeny within two weeks after ; 
mating.^ One of its chief advantages for genetic studies i s its great 
ability, for the wild-type fly has produced spontaneously under domes- 
tication hundreds of m uta tions, which have given rise to true-breeding 
varieties. Moreover it responds to treatment with radiations by produc- 
ing great numbers of hereditary variations of all kinds. Many of the 
variations are well marked and easily distinguished with or without the 
microscope. Examples of some of the mutant types are shown in Fig. 77 
and dravdngs of the chief external details of the wild^type fly are shown 
in Fig. 78. The inheritance of over five hundred distinct characters 

^ See Appendix (p. 397) for culture methods used in breeding Drosophila. 
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has been traced to genes that are inherited according to the Mendelian 
principle of segregation. 



LEGEND > 

A ANTERIOR 

ABD “ ABDOMEN 
Cl,C2,C3 - coxae 
HA--HALTERE 
HP--HYPOPLEURA 
HU --HUMERUS 

L LOWER 

M---MIOOLE 
MN--ME50N0TUM 
MS--MESOPLEURA 
MT - - METANOTUM 




N NECK 

p POSTERSOR 

PT - -pteropleura 

S STERNITE 

SI, 52 -THORACIC SPIRACLES 
SC - - SCUTELLUM 
5T - -sternopleura 
T---TER<3JTE 

U UPPER 

W WING 


Fig. 78.— Details of the external structure of Drosophila melanogmter. (From Bridges.) 


The Limitation of the Linkage Groups* — It has been discovered that 
the characters of Drosophila occur in four groups (Table XVIII) , the genes 
in each group being linked with one another but inherited independently 



Sufficient evidence from maize (Zea mays) has been obtained to show 
that the 400 or more genes now known fall into 10 linkage groups, cor- 
responding to the 10 haploid chromosomes, while in peas (Pisum sativum) 
there are 7 linkage groups and 7 chromosomes. In other animals and 


D, virilis . . ...... 

D. pseudoobscura 
D, melanogaster . . 
D, willistoni. ... . 


Linkage Chromosome 
groups pairs 


XX X Y 

Fig. 79. — Diagram showing the four pairs of chromosomes in Drosophila. The X chromo- 
somes are I, the two other large pairs II and III, and the small pair IV. {After Bridges.) 

plants generally the number of groups of linked genes is limited by the 
number of pairs of chromosomes. The evidence from Drosophila on this 
point is convincing, for several species of Drosophila have been studied 
and in ail of these the number of linked groups corresponds with the 
number of chromosome pairs, as follows:: 


of those in every other group. It is also known that there are four pairs of 
chromosomes in Drosophila (Fig. 79). One large chromosome has been 
found to be of major importance in the determination of sex, and one 
large group of genes (over 150) is inherited in a sex4inked fashion as 
explained in Chapter VII. There are two other large groups of genes and 
two other large chromosomes. Only a few genes belonging to the fourth 
group have been found, and the fourth chromosome is very small, being 
only about one-twelfth the size of the large ones. The correspondence 
between the groups of genes and the chromosomes, when considered 
together with the other evidence, is obvious. There are as many groups 
of linked genes as chromgsomeSj and each group represents the genes that 
are located in one chromosome. Morgan has called this the principle of 
Limitatipn of the Linkage Groups and has assumed that Mlanimals and 
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plants in which several linkage groups are known, the number of linkage 
groups has nowhere been found to exceed the number of chromosomes. 

In the tomato, genes are known in 10 out of the 12 chromosomes; in the 
morning-glory, in 12 out of 15; in the mouse, in 15 out of the 20; and in 
the rabbit in 11 out of the 22. 

Cytological Evidence. — Evidence such as the above, while cogent, is 
of a negative character. Positive and conclusive evidence of the associa- 
tion of particular genes with particular chromosomes has been provided 
by combined cytological and geneticai cases of nondisj unction 

(pri82) and of other changes in the number of chromosomes. 

In Drosophila, individuals were found which had but one of the small 
fourth chromosomes. These were less viable than normal and could 
be disti^^^^ by certanTcliaracterisSc^^^^ from the normal 

flies (p. 325). When such haplo-IV Jndiyi^^^^^^ were crossed with flies 
with the recessive character'^eyeiessj both normal and eyeless flies were 
found among the progeny. The eyeless progeny were found to have only 
one IV chromosome, while the normal progeny had two. It was obvious 

that the eyeless progeny had received no IV chromosome from the 

haplo-IV parent and no normal allele of eyeless, providing good evidence 
/ that the eyelet gene and its normal allele are located in the IV chromosome. 

This is confirmed by the breeding behavior of flies with three IV chromo- 
somes. Such tripIo-IV flies are triploid instead of diploid for all IV 
/Chromosome genes (p. 325). 

In maize and Datura also, where an individual has three instead of two 
members of one chromosome, its progeny show segregation of one mutant 
gene or one linked group of genes in unusual but typical trisomic ratios, as 
explained in detail on page 326. The correspondence of breeding behavior 
and cytological appearance shows that this group of genes is located in 
the particular chromosome set which has an extra member, and a simple 
and immediate method of determining the specific chromosome that 
carries each linkage group is thus available. 

Cytological Demonstration of Crossing Over. — Convincing evidence of 
/the association of genes with chromosomes is further provided by the 
^ proof that, where there is an interchange of material between two homolo- 
;gous chromosomes, thefe^^'i^^^^^^^^ interchange of genes by crossing 

over. This has beeh shown in a number of cases, but Stern^s demonstra- 
tion in Drosophila is simple and complete. The essential feature of this 
demonstration is the use of strains in which it is possible to distinguish the 
two members of a pair of chromosomes from each other and from normal 
chromosomes of the same set. This is sometimes possible when as a 
result of translocation (p. 231) a portion of one chromosome has broken 
away and become Mtached to another, thus constituting a visibly cliff ment 
configuration. By this means Stern was able to obtain a race of Droso- 
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phila in which a portion of a Y chromosome had through translocation 
become attached to the end of one of the X chromosomes, forming a 
i somewhat L-shaped body, easily distinguished from,, normal X.; In 
Another race one of the X chromosomes had been broken into two approxi- 
mately equal parts. The terminal portion (to which the spindle fiber 
was attached) remained in its normal position. The other portion was 
translocated to one of the small IV chromosomes. The race wms viable, 
since the entire material of the X chromosome was present although in 
two separate pieces. By crossing these strains’and producing females in 
which one X chromosome showed one of these translocations and the 
other X the other, it was possible to distinguish both the X chromosomes 
in the same individual from each other and from the autosomes. 

Stern now succeeded in obtaining such females which were heterozy- 
gous for two sex-linked mutations located in the upper end of the X chro- 
mosome; carnation (cr), an eye-color mutant, and Bar (.S) causing a 
narrowing of the eye. (The method of determining the location of genes 
in a chromosome will be described later in this chapter.) Carnation 
is recessive and Bar dominant. Such a fly therefore has eyes of normal 

CT B 

(red) color and Bar shape, with a genotype (cr B) (Cr b), or q— q-* It 

was known from the way in which the stock had been made up that the cr 
and B genes were in the upper half of the broken X chromosome and that 
their two normal alleles were in the X bearing the translocated Y por- 
tion. Such a female was bred to a male having both the recessive 
genes (cr and the wild-type allele of Bar) in its X chromosome. The 
offspring of such a cross of double heterozygote by double recessive could 
be classified by inspection into four groups, as in any case of linkage. 
The females alone were studied. Of these there were two noncrossover 
classes (carnation Bar and normal) and two crossover classes (carnation 
with normal shape and Bar with normal color). These may be repre- 
sented as follows: 

Noncrossovees Crossovers 

cr B -f + cr -f + B 

cr + cr + cr cr H- 

The X chromosomes of these four classes of females were then studied. 
One of each pair, coming from the male parent, should evidently be 

normal Its mate, coming from the female, should be distinguishable by 

its abnormal character and might be expected to show the effect of any 
cytological crossing over which had occurred in the maturation of the 
eggs. The genetic and cytological results are shown in Fig. 80 . It is 
evident that in the two classes of genetical noncrossovers the maternal X 
is as it was in the mother, either broken into two or entire and provided 
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there had been an interchange between the two X chromosomes 
mother at a point near the upper end of the X and between the 

7the cr and S genes. Of the Ft female flies, 364 were tested, m ail 
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but five (and these presumably the result of experimental error) there 
was a complete correspondence between the genetic and the cytological 
facts. In other words, genetic crossing over was proved to be accom- 
panied by cytological crossing over, an actual exchange of material 
l 3 etween homologous chromosomes. 

Linear Arrangement of Genes in the Chromosome. — Breeding experi- - 
ments with Drosophila and with maize have not only established the 
prime fact that the genes are located in the chromosomes, but they have 
also shown how they are arranged in the chromosomes. It has been 
shown that genes in the same linkage group (and thus presumably in 
the same chromosome) differ markedly in the strength with which they 
are linked. Now if it is assumed that the genes are distributed in a 
y single line along the chromosome and that, i n (jener gl.Me distance between 
two genes in a chromosome is proportional to the amount of crossing over 
between them, a gene map of each chromosome for which there are suffi- 
cient data may be constructed, and each gene may b^ to a defi- 

, nite position in the chromosome* This assumption (with some qualifica- 
' tions to be discussed later) has been tested by experience and is now 
generally accepted as an additional principle of heredity which Morgan 
has called the Linear Order of the 

, /if two genes A and 5, for example, cross over very infrequently (say, 
in 5 per cent of the cases), they are assumed to be very near to each other 
on the chromosome, so that the chance that a break in the chromosome 
will occur in the short distance between them is very small. On the 
other hand, if two genes A and C appear to be very loosely linked and 
show crossing over in a large percentage of the cases (say, in 35 per cent), 
they are assumed to lie relatively /ar apart on the chromosome, since 
the chance of a break occurring within the long distance that separates 
them is presumably relatively large. . If these assumptions are sound 
ones, then by measuring the amount of crossing over between A and B 
and, independently, that between B and C, it should be possible to pre- 
dict "the amount of crossing over between A and C, for if the linked genes 
on ihe same line sud. the amount of crossing over between genes is 
proportional to the distance betw^n them, then the distance AB plus 
the distance BC should equal tl^4istance AC. In many cases this rela- 
tionship is found to hold true.|/Thus in crosses between red-eyed, yellow- 
bodied flies and white-eyed, gray-bodied flies it has been found that 
crossing over between yellow and white occurs in only about 1.5 per cent 
of the cases. In other crosses between white-eyed, normal-winged 
flies and red-eyed, bifid-winged flies, crossing over between white and 
bifid occurs in about 5.5. per cent of the cases. It may be assumed, 
then, that yellow and white are about 1.5 units apart, while white and 
bifid are 5.5 units apart. If the gene for white lies on a line with and 
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between the genes for yellow and bifid, one would expect to find that 
yellow-white (1.5) plus white-bifid, (5.5) equals yellow-bifid (7.0), Such 
is the case, for in independent experiments yellow and bifid show about 
7 per cent of crossing over. These three genes might be placed on a map 
which would show accurately the relations of the three genes as follows: 

7.0 

1.5 5.5 


y w 

This relation does hold with genes that display relatively little recom- 
bination and which are probably near together in the chromosome. It 
does not hold, however, with genes that are relatively far apart, so that 
the statement that the distance between genes is proportional to the 
amount of crossing over between them must be qualified by specifying 
that the genes must be near together. Moreover, these relations are 
deduced only from breeding data (frequency of recombination) and “dis- 
tance” must therefore be understood as crossover distance. Whether this 
corresponds exactly to physical distance will depend on whether the unit 
of crossover distance, that within w^hich 1 per cent of crossing over takes 
place, corresponds everywhere to the same unit of physical distance in 
the chromosome. As we shall see, this is not always true (p. 232). 

Double Crossing Over. — In many experiments with genes that show 
much crossing over, it has been found that the amount of crossing over 
appears to be lessened and the apparent distance between the distant 
genes appears to be shortened by the occurrence of double crossing over, 
or a break in two parts of the chromosome at once. Thus if three genes, 
a, 6, and c, are located in one chromosome, crossing over might take place 
between a and 6 and between h and c at the same time. If the cross 
ABC/abc X ahc/ahc were made, the following type of gametes formed 
by the heterozygote might be found: 

genes in their original combinations 

a break between A and B 

a break between B and C 

Double crossovers "f breaks between A and B and between B and C at once 
a—js—c 

The zygotes formed by the last two types of gametes resemble in 
one respect the noncrossover type, since the parental combinations of 
factors AC and ac have been reconstituted by double crossing over, so 
that in these gametes a and c have the same relation as in the parents. 


Noncrossovers 


Single crossovers 


ABC 

abc 

A-hc 

a-BC 

AB~c 

ah-C 
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If these were the only two factors involved in such a case, these AC and 
ac combinations from double crossing over would be indistinguishable 
from the noncrossover classes, AC and ac, and would be added to them, 



Fig si— D iagram ahowing the mechanism (upper row) and the results dower row) 
of orotsing ovdrTa pair of chromatids. 1, no crossing over; 2. crossing over between 
J Zd B % cross^g over between B and C; and 4, double crossing over between A and B 
and between B and C. The lower row shows the resulting chromatids which pass into 

the gametes. 

' so that the percentage of crossing over would seem to be less than the 
actual distance of ac as determined by adding the distances a6 and c. 
The diagram in Fig. 81 and the legend accompanying it show the assumed 

chromosome iBechanism of double crossing over. 
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The hypothesis of double crossing over explains those experimental 
results that are at variance mth the theoretical expectation based on 
simple crossing over. 

Thus when a fly with the three sex-linked genes rb (ruby eye color), 
ct (cut wings), and v (vermilion eye color) is crossed with a wild-type fly 
and the Fi heterozygous females are crossed with the triply recessive 
type, the results shown in Table XIX are obtained. 


Table XIX. — Results op a ^‘Three-point” Cross in Drosophila (After 
Morgan^ Bridges, and Sturtevant, 1925) 

^ X cf 4- + + (wildtype)=^ 

Fi 9 ~r^T X cf rh ct V 
i- -r + 

Classes of Progeny from Above Cross 
Noncrossovees Single Crossovers Double Crossovers 


rb ct V 539 

rb 

+ +137 

rb 

+ 

+ + +590 

+ 

d V 120 

+ 

ct 


rb ct +114 
+ + y 107 


Totals 1,129 478 15 

* In Table XIX the nomenclature now in general use in linkage experiments is employed. The wild- 
type allele of each gene is represented by 4- instead of by the corresponding large (or small) letter, as in 
previous chapters. Where it is necessary to designate the wild-type alleles at different loci, they may 
be written + 1 ^^', etc. The symbols -f, rb, etc., designate either genes, when the whole genotype is 
written, or phenotypic appearance, as in the backcross progeny in the table. Loci are represented in 
the same line in the order (if known) in which they occur in the chromosome; the genes in the two 
chromosomes of a pair are written above and below a line, and in heterozygotes they are so written as to 
show in what combinations the genes entered the cross. Thus ruby, cut female X vermilion male 

7*^^ -' I — 

would be written: X -b + and the Fi female: Positions of crossing over are indi- 

cated by vertical lines: thus r6 | + -f is an individual which must have arisen from a gamete in which 
crossing over occurred in the region between r& and the next locus to the right, etc. For further use of 
this system of notation see Bridges and Morgan (1923), 

If we consider only ruby and vermilion, there were 478 flies, or 29.4 
per cent of the total (1,622), showing separation or crossing over between 
these genes. There were, however, 15 flies, or 0.9 per cent of the total, 
showing double crossing over. This could be disclosed only by the pres- 
ence of a third gene, ct, l3dng between rh and v. Those progeny in which 
ct has changed its relationship with both rb and v (rb + v) must contain 
a chromosome resulting from two breaks, one between rb and + and one 
between + and v. These cases of crossing over would be concealed in 
an experiment involving only r6 and v, as rh v and + + flies would be 
counted as noncrossovers. Since each of the double crossover flies repre- 
sents f-ioo cases of crossing over, we must add two times 0.9 per cent, 
or 1.8, to 29.4 to give the total percentage of crossing over between rh 
and>>, making this value 31.2 per cent. Thus where only two distant 
genes are followed, the apparent percentage of crossing over is always 



less than the actual percentage, because of the reunion of these two genes 
into their original combinations through double crossing over 

In estimating the spatial relations between the genes m the illustra- 
tion used, it would be necessary to know also that no double crossing 
occurred between rh and d or between d and v By use of other 
intermediate genes this has been established in this case. It is therefore 
possible to calculate the total true percentage of crossing over between 
the single loci involved. Ruby and cut crossed over in 272 cases (137 -f 
120 4 - 11 + 4 ) out of the total of 1,622 gametes tested, or in about 
16 7 per cent. Cut and vermilion crossed over in 236 cases (114 + 107 + 
11 * 4 . 4 ) or in 14.5 per cent. Assuming that distance is proportional to 
crossover percentage, these three genes may be represented as lying on a 
straight line as follows: 


16.7 


14,. 5 


31.2 

The “distance” from rb to v is equal to the sum of the “distances” 
rb-d and d-v ; but as has been shown, the apparent crossing over between 
rb and v, when only these two points are followed, is only 29.4 per cent. 
The lower value of the last figure is due to double crossing over.^ _ 

In representing the spacing of genes along the chromosome, it is best 
to obtain the longer “distances” by adding together the shorter dis- 
tances ” since the latter are less affected by double crossing over 

Interference and Coincidence.-In the above case, breaks between 
rb and d occur in 16.7 per cent of the cases and between d and v in 
per cent of the cases. If a break occurring between rb and d does _ 
influence the chance of a break occurring between d and v, that is, i 
crossing over in one region is entirely independent of crossing over in the 
other, then the chance of breaks occurring in both regions at the 
time should be equal to 16.7 X 14.5 per cent or 2.4 per cent. ^ 
there were only 0.9 per cent of simultaneous breaks (double crossovers). 
This discrepancy between the actual percentage of double crossing over 
and the percentage expected on the assumption that each 
is an independent event has been found so frequently as to require explana- 
tion. The most striking discrepancy is in the case of gei^s that are 

near together such as yellow, white, and bifid (p. 224). Here a 

1 Tx • fA wpdift rouehlv the amount of crossing over to be 

of double crossing over in this region has been ascertained m other experim^ . 
Thus “distance,” 31.2, minus twice the percentage of double crossing over (0.9 X 
or 1.8 = 29.4 per cent. 
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in one region (y--w) entirely prevents or interferes with crossing over in 
the next region {w-bi)^ for no double crossing over occurs in the region from 
y to hL This might be explained on mechanical grounds by assuming that 
at synapsis the chromosomes do not coil tightly about one another but 
are somewhat rigid, so that if bent or coiled between y and Wy they will 
be unable to cross again between w and M, Such complete interference 
obtains within short distances (about 12 crossover units in the X chro- 
mosome) and completely inhibits double crossing over. Within longer 
areas the effect of interference decreases as the distance from the first 
crossover increases, until in the X chromosome there is no interference 
between two crossovers separated by about 45 units. 

The effect of interference is measured by calculating the ratio of the 
number of actual double breaks found to the number of double breaks 
which should occur if there were no interference. This ratio 

actual number of doubles 
expected number of doubles 

is termed coincidence. Thus in the case of rb-ct'-v, the actual percentage 
of doubles was 0.9, but the expected was 2.4; the coincidence is 0.9/2.4 
or .37. In this region of the X chromosome, therefore, only about a 
third as many double crossovers are found as would occur if one crossover 
did not interfere with another. 

Weinstein, Muller, Bridges, and others have measured the coincidence 
for the three large chromosomes of Drosophila and have shown that it is 
not uniform throughout the same chromosome or in different chromo- 
somes. For each region of each chromosome there is a certain minimal 
length within which there is never any double crossing over. This 
probably represents the minimal length of the pieces of chromosome 
exchanged when crossing over occurs. At a certain distance the effect of 
one crossing over on another disappears (coincidence == 1.00) and then 
reappears beyond this point, showing that the piece of chromosome 
between the breaks tends to be of a certain average or modal length (about 
46 units in the X chromosome). 

The significance of interference and coincidence is twofold: First, it 
shows that what takes place at crossing over is an exchange oi blocks of 
genes j arranged in a linear order and of certain characteristic lengths 
depending on the chromosome and the particular region. Second, it 
provides information essential to the accurate placing of genes in the 
chromosome map, since where crossing-over data on distant genes must 
be used, the figures must be corrected for double crossing over and for 
coincidence before they can fairly represent/^ distance.” 

Chromosome Maps.~In Fig. 82 are shown some recent crossover 
maps prepared for Drosophila. Each of the genes listed on the maps has 
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been traced to one of the four chromosomes, by testing its linkage rela- 
tions with each of the four groups. It has been located on the map by 
measuring its crossover value with the genes that appeared to be nearest 
to it (assuming that 1 per cent of crossing over equals one unit of dis- 
tance) or in case of long distances by applying the necessary corrections 
for double crossing over, coincidence, and other special conditions in the 
chromosome or region that is being mapped. It will be asked how dis- 
tances in excess of 50 units can be possible, since crossing over may vary 
only from nearly zero (no crossing over) to nearly 50 per cent (independ- 
ent assortment).' It is true that the amount of recombination between two 
genes never exceeds 50 per cent, but, because of double crossing over, it 
is necessary to measure long distances by adding together the sums of 
the recombination values for intermediate genes as explained above. 
These sums frequently exceed 50 in the long chromosomes. In the second 
chromosome, for instance, the genes for “star^^ and “ speck appear on 
the map as 105 units apart. When star and speck are crossed, they show 
less than 50 per cent of crossing over (actually about 48.7 per cent), 
but this is known to be due to the reduction caused by double crossing 
over. When the intermediate percentages are added, the sum is in 
excess of 100, which expresses the true distance between these two genes. 

*‘Map distance, therefore, does not always correspond to crossover 
percentages as measured directly, and consequently the amount of cross- 
ing over between two genes cannot be read directly from the maps, except 
with genes so near together that ho^^ crossing over occurs in the 

distance between them. 

Comparison of Ontological and Genetical Maps, — The evidence that has 
been obtained from the intensive genetical and cytological study of 
Drosophila shows that the known genes of this species may be arranged 
in an orderly system of four linear groups, corresponding to the four pairs 
of chromosomes. The question now arises, do the relations between the 
genes in a linkage group, as derived from the data of crossing over, actually 
represent the spatial relations of these genes in the physical structure of 
the chromosome? 

Opportunities for testing this question have been given by correlated 
genetical and cytological studies of departures from the normal relations 
between groups of linked genes or between the genes of the same linkage 
group. These rearrangements are found as rare spontaneous (^muta- 
tions or may be induced to occur by treatment of the flies with X rays 
or radium (p. 308), Bridges discovered that occasionally a number of 
genes, which normally belong to one linkage group, may suddenly 
acquire a new linkage relation with genes belonging to another linkage 
group. Thus a group of genes at one end of the II chromosome of D. 
melanogaster, comprising those from arc to the end, was found in one 
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stock to show linkage with III chromosome genes. This occurrence was 
termed “translocation” and explained by the assumption that a piece 
oTtheli chromosome had broken off and become attached to the III 
chromosome near the locus of rough. ,„.Many other cases of translocation 
have been studied, and this interpretation has been confirmed by cyto- 
lomcal evidence (p. 333). Where the translocation involves a large 
piece of chromosome, the chromosome from which it has been broken is 
visibly shorter, and the piece may sometimes be seen attached to another 
chromosome. 



Fig. 83.— Cytologioal maps of the chromosomes of CrosopMa ‘r|gion 

ciiroinosoines. {pTom Dohzhdnsky-) 

Dobzhansky has taken advantage of the large numbers of breaks 
induced by X rays and has compared the “genetic length” 
located piece, as derived from crossover map data, with the actual lengt 
of the translocated piece as measured in cytological preparations of the 
chromosomes at metaphase. By studying a number o i eren rans o 
cations in this way, it has been possible to construct another type o 
map, the metaphase chromosome m|p, showing the ® , ' 

tion of a number of gene loci in all of the chromosomes (Fig- 83) and to 
identify the second linkage group of genes with the shorter of the two - 
shaped autosomes, and the third group with the longest of the ■ 

These metaphase maps may now be compared with t e c ^ 
maps (Fig. 84). The order of the genes in the metaphase maps corr - 
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sponds exactly with their order as previously determined from crossover 
data, thus providing cytological confirmation of this important principle. 
The relative distances between the same gene loci on the two maps, 
however, do not correspond in all regions. The discrepancies are greatest 
at the centers of the two large autosomes and at the right or “ bobbed 
end of the X chromosome. In these regions one crossover unit corre- 
sponds to a relatively much greater distance on the physical chromosome 
than in other regions. It happens that these are the regions of spindle- 
fiber attachment, and it is evident that in these places the frequency of 
crossing over per unit of chromosome length is low. Moreover it appears 
that no less than one-third of the whole length of the X chromosome, at 
the spindle-fiber end, is inert in the sense of containing practically no 



Fig. 84. — Comparison of the genetic and cytological maps of the third (III), Second 
(II), and X chromosomes (X) of Drosophila melanogaster, C, the cytological map; G, the 
genetic map. Figures indicate the genetic distances in map units. {Prom Dobzhansky.) 


known gene loci (only bobbed near the end) and very little crossing over 
occurs in it. The crossover distance from the locus of carnation (cr) 
to the end is only about 7 units (10 per cent of the genetic length), yet 
this region comprises over 30 per cent of the metaphase chromosome. 
Near the spindle-fiber attachments of the II and III chromosomes there 
are also inert regions. It seems clear then that the unit of measure in 
the crossover maps is a variable one and that the amount of crossing 
over in any region is related to its proximity to the spindle-fiber attach- 
ment and to other regional peculiarities in the chromosomes. 

Salivary Maps—Bj studying various inversions, translocations, 
deficiencies, and duplications in the salivary chromosomes of flies with 
known mutant genes, Painter, Bridges, Demerec, and others have been 
able to specify the physical location of a number of genes. A recent 
salivary map of the X chromosome, compared with the crossover map is 



GENES AND CHROMOSOMES 


233 


shown in the frontispiece. The gene order is the same in both maps; and 
the relations between crossover values and physical distance vary as they 
do when the metaphase map is used. The inert region of the X appears 
in the salivary chromosome only as a few faint bands at the spindle fiber 
end; and probably consists, as does the Y chromosome, chiefly of hetero- 
chromatin, that is, chromatin which does not respond to the chromatin 
stains used. Thus those portions that contain few or no mutant genes 
are also structurally different from the gene-bearing portions. 

In a few cases individual gene loci have been identified with individual 
bands, suggesting that these are or contain the actual genes. 

Deficiency. — By use of the crossover maps it has been possible to 
interpret many of the types of mutant changes that have occurred in 


Notch $ (Red Eyed) White 



Notch White? Normal Red ? c?" Dies NormoIRftdcf' 

(Deficiency Lethal) 

Fig. 85. — The inheritance of Notch deficiency in Drosophila melanogaster. 


Drosophila and other organisms and later to confirm the interpretation 
by examination of the chromosomes themselves. Thus a mutation 
known as Notch wing in Drosophila melanogaster^ found only in females, 
behaves as though it were due to a sex-linked dominant, lethal in males, 
located at about 3 in the crossover map of the X chromosome. Notch ^ 
females crossed with normal males regularly give 3^ Notch females, 
yi normal females, normal males. A Notch female from a red-eyed 
stock crossed with a white male gives Notch and normal offspring as 
expected, but all the Notch flies show the recessive white eye (which is 
located at 1.5), as though the Notch female contained no wild-type allele 
of white (Fig. 85). The normal-winged flies are all red eyed. Similarly, 
the gene facet, at 3.0, showed this peculiar pseudodominance when crossed 

^ The Notch mutation has occurred several times. In the example used, based on 
work by Mohr, the mutation known as Notch® was studied . 
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with Notch, and the gene Abnormal at 4.5 was also affected. Bridges 
and Mohr, who studied this condition, assumed that Notch was due to 
the absence of a piece of chromosome in this case bearing the loci from 
; white through Abnormal. This was called a 

deficiency y and in conformity with the assumption, 
the map of the X in Notch is about four units 
shorter than normal. Much later the actual 
absence of this section of the chromosome in Notch 
Fig. 86.— Portions of females was proved by examination of the salivary 
salivary chromosome II gland chromOSOme. 



of Drosophila heterozy' 
gons for Notopleural, a 
deficiency for a series of 
bands (44E-45E). It is 
evident that in the defi- 
cient strand (above), the ingly 
bands between the ar- 
rows on the normal one 
(below) are missing. 

{From Bridges.) 


Evidence from the Salivary Gland Chromosomes 
of Drosophila. — Our conceptions of the relations 
between genes and chromosomes have been strik- 
confirmed and extended through recent 
studies of the so-called giant chromosomes of 
Drosophila (Fig. 52) by Painter, Bridges, and others. 
These chromosomes show a structural differenti- 
ation of crossbands of heavily stained material by which individual parts 
of each chromosome can be recognized. By studying these chromosomes 
in flies containing deficiencies (Fig. 86) or rearrangements of the linkage 



Fig. 87.— Inversions in salivary chromosome of Drosophila azteca as revealed by loop 
formation. {From Dobzhansky.) 


groups induced by X rays, it has been possible to determine the order 
and the position in the chromosome of many of the gene loci. 

Sturtevant, for example, noted in 1913 the first case of inversion or a 
change in the usual order of the genes. This was disclosed first by the 
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suppression of crossing over in flies heterozygous for a mutant chronio- 
some, and Sturtevant assumed that this effect was due to an inversion 
of the normal order of gene loci, for example from ab c d ef g to &n order 
such n>sahedcfg in the mutant. It was assumed that crossing over 
was suppressed because the genes in the inverted section were no longer 
opposite to their homologous or allelic genes, so that opposite loci did 
not attract each other normally and normal synapsis and crossing over 
could thus not occur. Although the interpretation was made highly 
probable by the crossing over and mapping experiments, conclusive 
cytological evidence was not obtained for Drosophila until the salivary 
chromosomes of inversion heterozygotes were examined. Then it was 
found, as had been predicted, that the section of the chromosome 
associated with a genetic inversion showed an inverted order of the 
bands resulting in the formation of loops (Fig. 87) by which homologous 
bands are brought together. 

Balanced Lethals. — A recognition of the fact that crossing over may 
be suppressed (now interpreted as the effect of inversion) led to the 
discovery by Muller of the first case of balanced lethals. This has been 
of great importance, both in the practical maintenance of stocks con- 
taining lethals and in the interpretation of complex breeding behavior 
such as that found in Oenothera. The case observed by Muller may 
serve as an example of the whole group. Muller studied a stock of 
Drosophila with deformed wings known as Beaded. Beaded flies mated 
together first produced about Beaded to M normal offspring, as though 
Beaded were due to a single dominant gene which was lethal when 
homozygous. By selection he obtained from this stock one which bred 
practically true to Beaded but which rarely produced a normal fly. 
Beaded flies from this latter stock crossed with normals, however, pro- 
duced 50 per cent Beaded and 50 per cent normal, showing that they 
were still heterozygous for Beaded. It required an extended analysis 
to discover how the Beaded stock which gave ratios of 2 Beaded to 1 nor- 
mal differed from the Beaded stock which bred true. The first stock was 
found to contain in the third chromosome a dominant mutation, Beaded, 
which was lethal when homozygous. Such Beaded flies were thus 
always heterozygous Bd. The true-breeding Beaded flies were also of 
this same composition Bd/+, but in addition they were found to contain 
another lethal also in the third chromosome and linked to Beaded. 
The lethal had apparently arisen by mutation during the selection experi- 
ment. In addition, the truerbreeding Beaded flies contained a factor 
that almost completely prevented crossing over between Beaded and the 
new lethal, probably an inversion. Thus crosses between true-breeding 
Beaded flies were of this sort: 
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Bd + 


Fi gametes (no crossing over) 


Fi zjygotes 


H- I 
Bd + 
-PI 
Bd + 
\Bd + 

\±I 

\Bd-h 


Xcf 


Bd + 

Bd -f 
+ l 


dies, BdBd lethal 
dies, U lethal 


\Bd + 


viable, Beaded 
viable, Beaded 


Thus nearly ail flies which survived were Beaded, but a half of the total 
progeny dies, and the Beaded stock ‘^bred true^^ only in the sense that 
almost no nonbeaded flies survived. The rare normals which survived 
were due to crossing over by which the wild-type allele of Beaded was 
released from its association with the lethal. 

This balanced system obviously provided for the maintenance of 
heterozygosity. Its application to the perpetual hybrids of Oenothera 
and to the mutations’’ which arise from these was pointed out by 
Muller. 

Bar Duplication. — An understanding of the way in which genes are 
located in chromosomes, and especially a study of the salivary chromo- 
somes, have led to an interpretation of the curious behavior of the mutant 
Bar eye in Drosophila. This has long been known as a dominant located 
at 57.0 on the crossover map of the chromosome. Zeleny found that in 
cultures of homozygous Bar, normal-eyed flies appear with very low 
but regular frequency; about 1 out of 1,500 offspring shows this reversion 
to wild type. Even less frequently a mutant form known as Ultrabar 
appears with eyes much smaller than Bar. Both Ultrabar and the 
reverted wild type breed true. 

Sturtevant and Morgan found that the rare changes from Bar to wild 
type were always accompanied by a peculiar unequal crossing over in 
the Bar region. This was detected by using Bar females in which two 
other mutant genes very near to the Bar region were present. It was 
then found that as a result of this rare unequal crossing over the two Bar 
genes that had entered the cross in the two parental chromosomes emerged 
side by side in one chromosome and produced the Ultrabar, or as it is 
now called, the Double-bar effect, while the other chromosome had lost 
the Bar locus by crossing over and was thus wild type. Since the latter 
chromosome showed no effect of deficiency, the Bar gene /which it had 
contained must have been due to a duplication. A unique situation 
appeared in that when two Bar genes were present in one chromosome of 
heterozygous Double Bar (BB/+) the eyes of the fly were much smaller, 
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that is, Double Bar, than when the two Bar genes were present in opposite 
chromosomes B/B (Bar). This was the first demonstration of what 
Sturtevant called “position effect,” that is, that the effects of a gene may 
be influenced by its position in the chromosome and by its neighboring 
genes (p. 336). 

Proof that the “mutation” to Bar consisted of a duplication of a 
small section of chromosome was provided by Bridges from a study of the 
salivary gland chromosomes. He found that this section was repre- 



NORMAL BAR-DOUBLE 


Fig. 88. — The Bar region in salivary chromosome I, showing duplication of bands in Bar 
and Double-bar. {From Bridges.) 

sented but once in wild-type stock and in wild type obtained by reversion 
from Bar; but it was present twice in Bar and three times in Double Bar 
(Fig. 88). Thus the actual physical basis of the Bar mutation was fixed 
in the chromosome, and it was shown to be due to the repetition of normal 
constituents of the wild-type chromosome. Bridges had previously 
found that certain recognizable sequences of bands in the salivary chromo- 
somes were found in more than one place. He called these repeats^’ 
and supposed that one method by which chromosomes might evolve from 
simpler conditions was by such duplication of materials. 

The Cytogenetics of Maize.— As so frequently happens in genetics, 
principles discovered by an intensive analysis of one form, either plant 
or animal, are confirmed and extended by an equally intensive study of 
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Fig. 89, — genetical map for maize (Zea mays). {Courtesy of Dr. M. M. Rhoades.) 
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another form. Among plants the study of the relations between genes 
and chromosomes has been carried farthest by investigators working with 
Indian corn, Zea mays. In this species 10 groups of linked genes have 
been discovered and each group has been mapped and identified with 
one of the 10 chromosomes of the haploid or monoploid group (Fig. 89). 
This has been facilitated by the fact that each chromosome is morpho- 
logically different, by the discovery of some 400 mutant genes affecting 
not only all parts of the plant but also the behavior of the chromosomes, 
and by the close cooperation of many investigators under the leadership 
of R. A. Emerson of Cornell University. In many cases a linkage group 
could be identified with a specific chromosome by the so-called trisomic 
method (p. 326). The localization of genes at specific points in the 
chromosome was accomplished by the 
study of deficiencies and translocations, 
either spontaneous, induced by X rays, 
or brought about by the action of specific 
genes, such as the gene sticky (st) which 
causes the chromosomes to stick to- 
gether at meiotic metaphase and thus 
increases the frequency of nondisjunc- 
tion, translocation, deficiency, and frag- 
mentation of chromosomes. Fig. 90.— Drawing of the end 

McClintock, for example, examined of a pair of maize chromo- 

j, . , somes, one of which shows a deficiency ; 

the chromosomes of certain plants that four chromomeres are lacking from 

had been shown by breeding experiments ^ 

to be deficient for several adjacent linked 

genes. The chromosome that had been identified with the linkage group 
containing these genes was shown to lack several chromomeres (Fig. 90). 
Thus the cytological basis of deficiency was established and the physical 
location of these genes was disclosed. 

In locating genes in chromosomes much use has been made of recipro- 
cal translocations or segmental interchanges in which nonhomologous 
chromosomes have exchanged parts. This results in ring formation at 
synapsis (p. 331), and the actual chromosomes involved can be identified 
by their structural peculiarities. Such plants also show linkage between 
genes which normally belong to two different linkage groups, and it is 
possible, by measuring the amount of crossing over, to specify the region 
in which each linkage group was broken (p. 333). Thus if the genes in 
a chromosome have been placed on the crossover map in order ah cd efg, 
a mutual translocation between this group and another may break the 
group between c and d. In one of the interchange chromosomes the 
order should be a 5 c-break and in the other gfe d-break. If a second 
translocation between this chromosome and another broke the linkage 
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group between d and e, then d must be located between the first break 
and the second. By comparing the genetical and cytological findings 
in a number of such cases, it has been possible to specify the locations 
of many genes in the chromosomes and to show that the linear order of 
the genes is not only a necessary inference from the data of linkage and 
crossing over but a fundamental fact about the structure of chromosomes. 
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PROBLEMS 

296, In Drosophila white eyes {w>), miniature wings (m), and forked bristles (/) 
are sex-linked and recessive to the wild-type characters red eyes, long wings, and 

straight bristles. In a cross of X •+" + + the Fi females crossed, with 

w J Tfl 

w/ m males gave the following: 
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Per Cent 

White, forked, miniature ' 26.8 

Red, straight, long 26.8 

White, straight, long 13.2 

Red, forked, miniature 13.2 

White, straight, miniature 6.7 

Red, forked, long 6.7 

White, forked, long 3.3 

Red, straight, miniature 3.3 

a. Designate noncrossover, single-crossover, and double-crossover classes. 

b. Determine the percentage of crossing over between white and forked, 
white and miniatme, and miniature and forked, and from this determine the 
order of these genes in the chromosome. 

296. From the data in Problem 295 compare the percentage of crossing over 
between the two most distant genes with the sum of the percentages of crossing 
over between the two end genes and the center gene. Explain this difference. 
Construct a chromosome map of these genes. 

297. If a homozygous red, forked, long fly is crossed with a homozygous white, 
straight, miniature and an Fi female is crossed with a white, forked, miniature 
male, predict the phenotypic proportions of the progeny. 

298. In Chinese primroses short style is dominant over long, magenta flower 
over red, and green stigma over red. When from the cross of homozygous short, 
magenta flower, green stigma by long, red flower, red stigma, the Fi was crossed 
with long, red flower, red stigma, the followdng offspring were obtained (data 
from Altenburg) : 


Style 

Flower 

Stigma 


Short 

Magenta 

Green 

1,063 

Long 

Red 

Red 

1,032 

Short 

Magenta 

Red 

634 

Long 

Red 

Green 

526 

Short 

Red 

Red 

156 

Long i 

Magenta 

Green 

180 

Short 

Red 

Green 

39 

Long 

Magenta 

Red 

54 


Map the chromosome in which these genes lie. 

299. Using the two single crossover values from Problem 295, calculate the 
expected percentage of double crossing over assuming no interference, and com- 
pare this with the actual percentage of doubles. Calculate the coincidence for 
this region of the chromosome. 

300. Calculate the coincidence in Problem 298 and compare with that in 
Problem' 295.' 
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301. In maize, Fx plants from the cross of colored, shrunken starchy X color- 
less, fuU, waxy were crossed with colorless, shrunken, waxy plants, and the follow- 
ing progeny observed (data from Hutchison); 

2 538 

Colored, shrunken, starchy 

Colorless, full, waxy 

Colored, full, waxy 

Colorless, shrunken, starchy 

Colored, shrunken, waxy 

Colorless, full, starchy ^ 

Colored, full, starchy 2 

Colorless, shrunken, waxy 

Map the positions of c, s, and w and determine the coincidence. 

302 In Drosophila the mutant “morula,” m, has a peculiar eye modifica- 
tion in which the facets are more irregular in size, shape and color than are 
those of the normal eye. (For descriptions of mutants black and arc, see 

^’'°In Mowing crosses the genes for arc, black, and morula entered the 

crosses in possible combinations, as staM. /he -nts m e^ 

the results of mating Fi females with arc, black, morula males. Only the recessive 
Illeles are named, the normal dominant alleles being assum^ to be present 

dominant alleles of arc and morula. The four crosses are as follows. 

I L black, morula X wild type; Fx female X arc, b ack, morula male. 
II Arc, black X morula; Fx female X arc, black, moru a ma e. 

III. Black, morula X arc; Fx female X arc, black, moru a ma e. 

IV. Black X arc, morula; Fi female X arc, black, morula ma e. 

The results of these four back crosses are given below (data from Bridges an 

Morgan) : 



Cross I 

Cross II 

Cross III 

Cross IV ' 


613 

95 

3 

164 


445 

40 

13 

187 


38 

713 

113 

21 


82 

851 ' 

107 

7 


55 

884 

96 

B 


29 

666 

120 

' 15 


467 

33 

14 

187 

Arc, black, morula. 

514 

79 

2 

133 


Determine the crossover percentage between black and arc, arc and morula, 
and black and morula. Map the chromosome for these three points. 

303. Below are the data from Bridges and Morgan for the crossovers between 
the genes black, curved, purple, speck, star, and vestigial 
Drosophila. On the basis of the data, map the chromosome for these five gen s 
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as accurately as possible. Remember that determinations for short distances 
are more accurate than those for long ones. 


Genes 

Total flies 

Crossovers 

Black-curved 

62,679 

14,237 

Black-purple 

48,931 

3,026 

Black-speck 

685 

326 

Black-star 

16,507 

6,250 

Black-vestigial 

20,153 

3,578 

Curved-purple 

51,136 

10,205 

Curved-speck 

10,042 

3,037 

Curved-star 

19,870 

9,123 

Curved-vestigial 

1,720 

141 

Purple-speck 

11,985 

5,474 

Purple-star 

8,155 ! 

3,561 

Purple-vestigial 

13,601 1 

1,609 

Speck-star 

7,135 ! 

3,448 

Speck-vestigial 

2,054 

738 

Star-vestigial 

450 

195 


Locate also on this map the genes for arc and morula, studied in Problem 302. 
(Arc and morula are on the opposite side of black from star.) 

304. A breeder of Chinese primroses has three plants, each of which has short 
styles, magenta flowers, and green stigmas. The offspring of each, when crossed 
on a triple recessive plant, are presented below, symbols being used instead of 
words (L short style, I long, R magenta flower, r red, S green stigma, s red). 


Plant 1 X Its 

Plant 2 X In 

Plant 3 X In 

290 LRs 

4:0 LRs 

221 LRS 

UlLRS 

19 LRS 

218 IrS 

288 IrS 

37 IrS 

S7LrS 

U7 In 

21 In 

60 ms 

^ .m'LrS 

289 LrS 


20 Lrs 

150 Lrs 


39 IBs 

291 IBs 


211ES 

148 ms 



What are the genqty 

305. In chromosome II of Drosophila (data from Bridges and Morgan) occurs 
the gene for “ curved wings, c. In this chromosome occurs a lethal gene ?, 
which when homozygous causes the death of the individual. LL and LI animals 
live, U ones die. The gene for “curved’^ shows a crossover value of 8.7 per cent 
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with this lethal gene. Cross two flies of the genotype + together; cross two 
others of the genotype + ?/c +. What will be the appearance of the offspring in 
each case? 

306. In rats two genes r and p (referred to in Problem 284) are linked. RRpp 
animals have pink eyes and light-colored coats; rrPP animals have red eyes and 
light-colored coats. RRPP animals have dark eyes and dark coats. Albinism, 
cc (pink eyes and white coat), is also linked with r and p. Design an experi- 
ment to measure this linkage and to map the chromosome containing r, p, and c, 
giving aU necessary steps and crosses. 

307. State how you would determine how^ extensive the deficiency is whicli 
produces the mutant Notch. 

308. How can the approximate position of such a deficiency as Notch be 
determined without finding the actual genes which are missing? 

309. How can it be determined whether a given variation is due to a gene 
mutation or to a small deficiency (as in Notch) ? 

310. If a small deficiency, producing a trait like Notch, v/eve to occur in an 
autosome, how different would its genetic behavior be from that described for 
Notch? 

311. Notch female, red-eyed, by wild-type (normal winged), white-eyed male 
gives white-eyed Notch and red-eyed normal offspring. If one of their white-eyed 
Notch offspring is mated with a red-eyed male, what will be the appearance of 
their offspring? • 

312. Explain just how it is possible, by studying the behavior of two genes 
close to the Bar locus, to prove that as a result of crossing over there may be two 
Bar genes in one chromosome and none in the other. 

313. Why is a deficiency more likely to be lethal in males than in females in 
such an organism as Drosophila? 

314. What other factors, aside from the position of the spindle-fiber attach- 
ment, can you suggest as possible causes of difference between various parts of a 
chromosome in amount of crossing over per unit of cytological length? 

315. Crossover suppressors were at first regarded as genes whose specific 
effect was to prevent crossing over. It was found, however, that they produced 
this effect only when heterozygom. Show how the modern conception of inversion 
as a cause of crossover suppression explains this fact. 

316. How is it possible to identify a given gene locus with a given band on the 
salivary chromosome? 
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the differences on which the theories of genetics rest, variations in the 
sexual “characters'^ may give us new and valuable information con- 
cerning the primary sex difference itself. 

The Chromosome Mechanism of Sex Determination —Two dis- 
coveries of prime importance for the problem of sex determination have 
already been mentioned (p. 173). One of these was the disclosure of a 
difference in chromosome constitution between male and female animals^ 
and this has recently been extended to several species of dioecious plants. 

’)The the proof that sex-linked genes Sive located in the sex 

(hromo ome and that they thus identify the offspring receiving this 
chiomosome so that its distribution to the gametes and progeny may be 
infericd from genetic evidence. These discoveries showed that the pri- 


13 ' 


jt 


w. 
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D 
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Fig. 93 .—The chromGsomes of a fly (Calliphora) showing X and Y chromosomes in 
A, spermatogonia; n, oogonia; C, and JO, first spermatocyte (reduction) division; E, 
and F, X and Y spermatocytes after reduction. {From The Cell in Development and 
Heredity, hy E. B. Wilson, Zd ed., copyright 1925 hy the Macmillan Company, Reprinted 
by permission.) r 

mary sexual difference is inherited like other Mendelian traits and brought 
the problem definitely into the field of genetics. 

Sex Chromosomes, — About the time of the rediscovery of MendePs 
laws it was shown that in certain insects there are two kinds of sperm.^ 

produced in equal nunibers, one of which has an extra or accessory 

chromosome that is lacking in the other. The suggestion was made by 
McGlung (1902) that this chromosomal difference in the male gametes is 
in some way related to the determination of sex and that eggs fertilized 
by one type of sperm produced males and by the other type produced 
females. Such accessory chromosomes came to be known as the sex 
chromosomes, as distinguished from the others or autosomes, which are 
present equally in both sexes (Fig. 93). 

The chromosomal constitution of the body cells and gametes in many 
species of animals at once became the subject of investigation. A con- 
siderable number of cases in insects and mammals were found in which 
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there are two types of sperm, only one possessing the accessory chromo- 
some; and this chromosome, often single and unpaired and usually dis- 
tinguishable from the others, was recognized in the body cells of male 
individuals. 

In many species of insects (such as Drosophila), in all of the mammals 
which have been investigated, in many fish and amphibia, and in several 
dioecious plants (such as Melandrium), the females have two X chromo- 
somes, the males but one. In most of these species, the males have 
another peculiar chromosome, the so-called Y chromosome, which acts 
as a mate to the X, although it is probably not exactly equivalent or 
homologous to it. The females may therefore be described as XX indi- 
viduals; the males, as XO or more commonly XY. At the reduction 
division in the female the two X chromosomes pair and disjoin, one going 
to each pole, so that all the eggs are alike, each containing an X chromo- 
^me. In the male the reduction division separates the two members 
(|f the XY pair, one member going to each pole, so that two kinds of 
sperms (male heterogamety) are formed in equal numbers, half with X, 
aind half with Y. In males with an X but no Y the X passes at random 
li) one pole or the other, so that half the sperm have an X and half have 
none. Fertilization of an X egg by an X sperm produces an XX indi- 
vidual which ordinarily develops into a female; fertilization of an X egg 
by a Y sperm (or an 0 sperm) produces an XY (or XO) individual which 
becomes a male. The sex of the offspring in these species thus seems to 
be determined at fertilization by the kind of sperm which fertilizes the 
egg, and since the two kinds of sperm are produced (by chance assortment 
of the single X at the reduction division) in equal numbers and fertiliza- 
tion takes place at random, equal numbers of male and female zygotes 
are generally produced. The following scheme summarizes this type of 
sex determination: 

Body Cells op the Female Parent Body Cells op the Male Parent 


XX 


XY ':■■■■ " 



^^X| , ' 

Female gametes < 


>■ Male gametes ' 




Female offspring 



Male offspring 



In several other animals, including a few species of moths, birds, and 


ish, the females are XY or XO, and males XX. Here two kinds of 
eggs are produced in equal numbers, half with X and half without, while 
the sperms are all alike, each containing X. The X eggs fertilized by X 
sperm produce XX individuals or males; the Y or 0 eggs produce XY 
or XO individuals or females. Sex is thus ordinarily determined by the 
dype of egg from which the new individual arises. 


te:e determination of sex 
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In both cases the sex of the offspring is determined by the chromo- 
somal constitution of the uniting gametes. 

Thus in many instances the sexual difference seems to depend on the 
presence of one or of two sex chromosomes. In a few other cases the 
sexes appear to differ by a whole set of chromosomes, the females being 
diploid and arising from fertilized eggs, the males being haploid and 
arising from parthenogenetic eggs. Apart from these facts little is 
known about this mode of sex determination. It will be discussed briefly 
later in this chapter (p. 268.) 

The Balance Theory of Sex. — ^Although the simple, diagrammatic 
method of sex determination described above seems to explain adequately 
the ordinarily sharp segregation of the two sexes, their production in 
equal numbers, and the numerous differences between them (since they 
differ in a whole chromosome), it proved quite inadequate to explain 
certain cases in which these usual accompaniments of the sex difference 
were present in modified form. In a number of species of animals there 
hatre appeared, in addition to normal males and females, peculiar ihdi- i 
viduals which are neither typical males nor typical females but have some 
male arid some female characters which may be so intimately mixed as to 
give their possessors the appearance of being true intermediates between 
maleness and femaleness. Goldschmidt, who has studied the laws 
governing the appearance of such individuals in the gypsy moth, Lyman’- 
tria dispar ^ has called them ^Tntersexes’’ (Fig. 94). Such forms, which^ 
have been found in many species of 'insects (especially in species hybrids) 
and in worms, Crustacea, and several classes of vertebrates, have all 
degrees of mixture of male and female characteristics, both in the external 
characters and genitalia as well as in the sexual organs themselves. 
Near one extreme, in the Lymantria series, are nearly female individuals 
with traces of male characteristics in one or a few parts; near the opposite , 
end are nearly normal males with a slight admixture of female traits.' 
At the ultimate extremes are females which are known from other evidence 
to have begun their existence as genetic males (XX individuals in this 
case), that is, their sex has been reversed; and at the other extreme end 
are sex-reversed males which began as genetic females (XY). How can 
the occurrence of such individuals be reconciled with the theory that sex 
is determined at fertilization by the chance distribution of X and Y 
chromosomes to different gametes and different individuals? This | 
theory provides for only two alternatives, that fe, XX or XY, whereas in I 
cases of intersexuality there appear to be several additional and inter- | 
mediate possibilities. 

In Lymantria , — The first of these series of intersexes to be thoroughly 
studied was that which occurs in the gypsy moth, Goldschmidt found 
that when certain European races of this insect were crossed with other 



Daughters 


Iritersexuai 


Normal ; 

34 normal, 

34 intersexual 
Normal 


Parents 

Sons 

Eliiropean ^^weak” 9 X Japanese 


^‘strong^’ cf • • 

Normal 

Japanese “strong” 9 X European 



Normal 


Normal 


normal, 


34 intersex. 
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These and other crosses leave no doubt that the tendency to form 
intersexes is inherited in a regular manner. In moths, in general, the 
males are XX, the females XY; and within pure races this sex chromo- 
some constitution is decisive. In crosses between races which produce 
intersexes, how^ever, two further variables have to be taken into account; 
one is a factor for maleness in the sex chromosome which has different 
strengths, that is, presumably occurs in different allelic forms, in different 
races; the other is an influence tending in the opposite direction toward 
femaleness, also varying in different races, and this seems to be inherited 
through the cytoplasm' of the eggs, that is, all the eggs of an individual are 
alike with respect to the strength of this tendency. The sexual condition I 
of the offspring of crosses is decided by the relative strengths or balance [ 
existing between these two opposed tendencies. ^ This interpretation is' 
supported by extensive evidence from many interracial crosses. 

Goldschmidt and his coworkers have also proposed a mechanism by 
which these sex genes influence the development of the sexual characters. 
The essential assumptions here, as found first in the worm Bonellia, 
established by a careful study of the embryological development of 
Lymantria and later extended to Drosophila, are that intersexes in these 
forms begin their development as males (or females) and develop as such 
up to a certain critical point, the so-called “turning point,” after which 
their development is of the opposite sexual type. The mixture of male 
and female parts is thus explained as due to the supersession of one type of 
sox tendency by the other. ' Sex development is conceived as essentially a 
competition between opposed tendencies in which the race is eventually 
won by that type of process (either male or female) 'vdiich proceeds'most 
rapidly at the critical period of determination of each organ or part 
involved. ■ . ■ - 

Intersexes and Supersexes in Drosophila. — A similar indication that 
jsex is the result of a ratio or balance between male-determm and 
[ female-determining agencies has been found by Bridges in.' Dr osopMla 
I melanogaster. He discovered a strain which . produced, in addition to j 
“hibYmaLmpes and fernales, a large percentage of mtersexes. These, like ' 
the Lymantria mtersexes, consist of mixtures of male and female char- 
acters both in the external genitalia and secondary sex characters and in ; 
the primary sex organs themselves (Figs. 95 and 96), They arc' 
(extremely variable, ranging from male-like to female-like, although 
nearly all of them have the sex comb on the forelegs, which is character- 
istic of males. All of them are entirely sterile. When examined cyto- 
iogically, they were found to have three of each autosome (II, III, and I\ ) 
but only two X chromosomes. The mothers which produced such flies 
were found to be complete triploids, that is, they had three X\s and three 
of each autosome, or twelve in all Their sexual characters were com- 
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pletely female, although they could be identified by certain somatic traits 
such as large, coarse eyes and large body size. 

Bridges’ interpretation of these facts follows: 

The intersexes and dn (triploid) types lead to the conclusion that sex in 
DrosopKila tnelanog aster is determined by the autosoines as well as by the X 
chromosomes, the ratio of autosomes to X’s being the significant relation. The 
old formulation of 2X = $ is at once seen to be inadequate; for here we have 
individuals with two X chromosomes and yet [they] are not females They arc 
shifted out of the female class by the presence of an extra set of aiitosomes 
and thereby the autosomes are proved to play a positive role in the production 
of sex.. Since the intersexes differ from females by the assumption of certain 
male characters, this effect of the autosomes is due to an internal preponderance 



Fig. 95. — M’ale-type intersex Fig. 96. — Female-type intersex (2X: 

(2X:3A) in Drosophila melanogaster. 3 A) in Drosophila melanogaster. (From . 

{From Bridges,) Bridges.) 


of ^'male-tendency” genes. We may now reformulate the sex relation as fol- 
lows: Both sexes are due to the simultaneous action of two opposed sets of genes, 
one set tending to produce the characters called female and the other to produce 
the characters ’called male.' These two sets of genes are not equally effective, 
for in the (chromosome) complement as a whole the female tendency genes out- 
weigh thrmale and the diploid (or triploid) form is female. The male-tendency 
genes in the autosomes are more numerous or more effective than those in the 
X chromosome, ‘while the net effect of genes in the X chromosome is a tendency 
I to the production of female characters.' When in a diploid zygote the relative 
. effectiveneS of the female-tendency genes is lowered by the absence of one X, 
the male-tendency genes outweigh the female, and the result is the normal male. 
: When the two sets of genes are acting in a ratio between these two extremes, as 
^dn the case in the ratio of 2X:3 sets of autosomes (2X:3A), the result is a sex 
Hntermediate— the intersex. 

Further breeding of the^ females produces an array of sex 

types, in ^vhich the grade of development, of male and female characters 




Normal 


Intersex 

Normal male 
Supermaie.. . 


A whole individual of this type has not y< 
of each autosonie have been found in diploid 


OO 


" Female Intcrsex 

Fig. 97. — ^Effect on sex of the balance between X-chromosomes (solid) and 
(outlined) in Drosophila melanogaster, 

called superfemale and has been shown to have three X 
and two sets of aiitosomes (3X:2xA.); the preponderance of female genes 
in the three X’s over the male genes in the autosomes is more marked 

Table XX. — Sexual Types in Drosophila melanogaster {After Bridges) 


Sex 


Superfemale 

/tetrapioid . 

- , itriploid. . . 

iemaie< , 

diploid - . . . 

.haploid^ . . . 


X 

chromo- 

somes 


Sets of 
auto- 
somes 
(A) 


not yet been obtained, but 
flies. These patches 
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was found to be correlated with the ratio between the number of X 
chromosomes and the number of autosomes present (Fig. 97). 

Thus a sterile female type has been recognized, with abnormally 
developed ovaries and female characters modified. This has been 


Super- female 


Triploid (Female) 


Supermale 
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than in the normal female with two X^s, and this is reflected in a modi- 
fication of the female characters. Conversely sterile ^'supermales/^ 
with male characters exaggerated, have been found to have one X and 
three sets of autosomes. A summary of the various sexual types is 
given in Table XX. 

; ' In this table it is clear that the ratio between the number of X chromo- 
somes and the number of autosomes determines the sexual character. 
All types with a ratio of IX : 1 A are females, regardless of the actual 
number of chromosomes; those with a ratio of 1X:2A are males; an inter- 
mediate ratio produces intersexes; a lower one, supermales; and ratios 
above 1 result in superfemales. 

Intersexuality thus results from disturbances in the normal number 
of chromoMihes, whereas in Lymantria it occurs in what are probably 
normal diploid individuals. The Drosophila melanogaster type may then 
be called triploid iiitersexuality. 

In the osbse of melanogaster it is probable that the genes affecting 
sexual characters are multiple. Their distribution in all four chromo- 
somes is evidence of this fact, although it might be objected that a single 
differentiator of sex might still be present in the X. This possibility 
has been tested by Dobzhansky and Schultz, who have studied the effect 
of the addition of fragments of X chromosome of various lengths (obtained 
from translocations, p. 231) to the usual 2X:3A chromosome group of 
intersexes. The results showed that the intersexes containing an addi- 
tional fragment of the X chromosome are more female-like than those 
without the fragment and that the longer the fragment of the X added 
the greater the shift in the type of the intersexes toward the female. 
Female effect is therefore proportional to amount of X chromosome, 
which must mean that female-tendency genes are present in all parts of 
the X studied, that is, that they are multiple genes. This makes it 
probable that the balance which determines sex in Drosophila is reached 
through the action of many sex genes and not through two genes only 
which vary in strength or valency, as supposed by Goldschmidt. 

In spite of this difference in interpretation of the genetic basis of sex 
as between Lymantria and Drosophila, the manner in which the balance 
or ratio affects development of sexual characters is remarkably similar 
in the two species. It has been shown by Dobzhansky and Bridges that 
the triploid intersexes begin as males and develop as such up to a 
certain point, after which they develop as femalesl When this turning 
point comes early in development, both the earlier and later appearing 
sexual parts are converted into the female type, so that an individual 
very like a normal female, except for fertility, results.^ When the turn- 

^ In fact one intersex with an additional fragment of X chromosome (about 
2MX/3A) was fertile; complete functional sex reversal had occurred presumably very 
early in development. ■ 
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ing point comes later in development, only those characters which 
differentiate last are affected, and a male-type intersex with traces of 
female characters is produced. 

If the location of the turning point in time determines the degree of 
development of sex characters, then any agency which makes this turning 
point occur earlier in development should make Drosophila intersexes 
more female-like. High temperature probably has this effect, as Dob- 
zhansky has shown. 

Thus it appears that in both the case of Lymantria and of Drosophila 
(the most adequately analyzed cases) sex is determined to start in either 
a male or female direction by the genetic nature of the gametes which 
unite at fertilization. The final outcome as judged by the characters of 
the adult indiyidual, however, is affected by many conditions and inter- 
actions during development. One important condition is the relative 
excess of one type of gene over the other; the greater the excess the earlier 
are the developmental processes affected. Other important infiuences 
doubtless come from the external environment ^ such as differences in 
temperature. The appearance in most species of animals of two sharply 
defined sexes means that there are probably two relatively stable points 
of equilibrium, one centering around maleness, the other around female- 
ness, and that in such cases the excess of one type of gene over the other 
is considerable and decisive in the earliest stages of development. The 
decision is usually given by the presence of two sex chromosomes in one 
set of individuals and by but one in the other. The role of a sex chromo- 
some in determining sex is therefore like that of a weight added to either 
one side or the other of a scale; it tips the balance and only thus decid^ 
the outcome, and it probably does this by virtue of the specific gencis 
which it carries. 

Intersexes have also been sti^ ied in Drosophila virUis by Lebedeff but 
here the situation differs from that in E^unantna and from D, rmlano- 
gaster. In virilis in melanog aster the sex chromosome mechanism is 
XX == female, X Y = male. A single gene in chromosome III appears to 
have no phenotypic effect in males but when homozygous in females 
causes them to develop into sterile males. When other modifying genes 
are present in such females, sex reversal is incomplete and both male 
and female parts are produced, resulting in hermaphrodites. 

In the common aquarium fish, Lehisics reticulatus, Winge has also 
found sex reversal and intersexuality due to mutant genes acting within 
the normal chromosome constitution. Here the sex chromosome mecha- 
nism is as in Drosophila, XX = female, XY = male. A few exceptional 
males were found which were XX, that is, they were sex-reversed females. 
They were fertile and when crossed with normal females (XX) produced 
only daughters. By continued back crossing of these and their descend- 
ants to the XX males a race was obtained in which all individuals were 
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XX ; nevertheless both sexes were produced because one pair of autosomes 
in the female was heterozygous for a sex-determining factor of major 
importance. This autosome, therefore, had become effectively a new 
sex chromosome, and in this race the many color and pattern genes in 
the former sex chromosome, X, no longer showed sex-linkage but ordinary 
autosomal inheritance. Sex reversal in the opposite direction has also 
occurred in Lebistes; that is, XY females have been found. These when 
crossed with normal XY males give ratios of 3 males (XY, XY, YY):1 
female. Here, unlike Drosophila, YY males are viable. 

Wingers interpretation is that the X chromosome in Lebistes has 
predominantly female-tendency genes, the Y has predominantly male 
tendency, while certain autosomes have female, others male, influence. 
The balance is usually tipped by the X chromosomes, XX being female, 
XY male. However, in cases like the above, mutations in autosomes can 
be decisive for sex and thus an autosome may assume the role of the 
X chromosome. 

Genetic ..^kmtmL oLSex Ratio.— Not only may the degree of develop- 
ment of the sexual characters be altered by gene mutations, as in the 
above cases, but the ratio in w^hich the sexes are produced is also under 
genic control. The effect of sex-linked lethals on the sex ratio has already 
been mentioned. Still another way in which the ratio may be altered 
has been demonstrated recently by Sturtevant and Dobzhansky, Cer- 
tain males of Drosophila pseudoobscura have been found to give offspring 
consisting almost entirely of daughters, regardless of the nature of the 
female to which they have been mated. Such males have been found to 
contain a mutation sex ratio, in the X chromosome, the effect of 
which is to cause the X chromosome to undergo an equational division 
at meiosis and the Y chromosome to degenerate, so that only X-containing 
sperm are produced. The gene is without effect in females. The dis- 
tribution of this gene in a population is obviously an important factor 
in determining the relative frequency of males and females. 

Gycgnd^ of tissue, male and female, 

may coexist in the same individual, each type developing according to its 
own genetic constitution, resulting in a sexual mosaic or gynander. 
These are often male on one side and female on the other (bilateral 
gynanders). In many of these the autosomal characters known to have 
been transmitted to the fly appear in all parts of the gynander. On the 
male side appear the sex-linked characters received from either the mother 
or the father; while the characters of the female parts show the presence 
in these parts of both the maternal and paternal X chromosomes, as 
though one of the X chromosomes, had been eliminated., from the male 
parts, leaving them XQ (which is, known to produce maleness, p. 173) 
while the female parts are XX. Such a gynander appears to have begun 
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development as a female (XX) and at some early cell division to have lost 
one of the X chromosomes from part of the tissues. 

In silkworms gynandromorphism has appeared as an inherited condi- 
tion which segregates as though due to a single gene, which also cleter- 
niines the production of somatic mosaics (Fig. 98). The gynanders 
arise from eggs with two nuclei, one XX from which the male parts 
descend; the other XY, which gives rise to the female parts. Somatic 
mosaics result when one nucleus is, for example, Aa, and the other, aa. 
These two diploid nuclei arise from the retention of one polar-body 
nucleus and fertilization of both this and the egg nucleus by different 


Fig. 98. — Mosaic silkworm larv®. (From Goldschmidt and Katsuki.) 


sperms; and this peculiarity, determined by the action of one gene, may 
result in individuals mosaic for sexual or somatic characters or both. 
Aside from the intrinsic interest attaching to the successful analysis of so 
complex a case (carried out by Goldschmidt, Katsuki, Tanaka, and 
others) it shows clearly that in some animals, at least, the balance which 
determines sex is decided within the individual tissues, which develop 
thereafter each according to its own genetic constitution. In vertebrates, 
where correlating mechanisms such as hormones prevent the isolation 
of tissues, so clear-cut a case is hardly to be expected. In such forms as 
Habrobracon and the honeybee in which males are haploid, females 
diploid, gynanders develop from binucleate eggs. One nucleus is ferti- 
lized and gives rise to female parts, the other unfertilized gives rise to 
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„.ale parts. The female parts therefore mherit from both parents, the 

male parts inherit from the m^eralone^^^^^ ants, bees, and wasps 

Sex Determmation m y been known in nature 

parthenogenea^xs mdespm ^ 

to develop from fertilized ^ generations occurs, a bisexual 

eggs, but m some "^f^rnatW a female generation 

generation from unfeitil are known and females 

from fertilized eggs. In ot ^ esis. Females are always 

produce dIvLp parthenogenetically. Males are , 

Sw, from any one n.ale are aBIre, no matter how m,«d 

the race from which he comes. i.inlnndis Whiting has shown by 

means of erith a dominant male produces 

Snmtrddllnantfem^ 

'“d“'S;ltti\rd up her supply of sperm or an mmrated 

female produces only males. ^ appear which, unlike 

If the parents are closely ^^^/hey iow the d;minant 

their “"“t;* '•»''« * 

traits of both parents. P haploid brothers. They arc 

h?;,"ranTS^ndties in which they occur have very low egg 
“”Sbae shown ^ 

antennae that femmes ar^XY ^ ,„to„mes. The biparental 

fo “ Jond«y XX 

“nffuSi malS^Y id/rj). Z biparenml offspring as foilows: 

a.,-, -cr //« . -xr\ . 1 f-fn. '% ffu X) 


Males . 
Females . 


9 wild type {Fu X/fu X) ; 1 fused (Ju X/fu X) 
1 wild type {Fu Y/fu X); 9 fused (/u Y/fu X) 


Females ^ " 

About 10 per cent of crossing over 

detemaining part of the chromosome other, 

If the parents come producing. 

no biparental u-les occm. -d^^^^^^ ^ 


TVipw is 
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diploid males are replaced by females. How this replacement is brought 
about is not yet understood. Theories of selective fertilization, differen- 
tial maturation, sex reversal, multiple alleles, and multiple factors have 
been suggested; but this part of the problem remains unsolved. 

E ffects of Hormones. — T he general theory of sex as the result 
of a balance between opposed tendencies has been successfully applied 
to the conditions found in many animals. In the higher animals and 
especially in vertebrates the secondary products of the sex glands — the 
sex hormones — may very considerably alter the final characters. In the 
fowl, for example, early removal of the ovary from a' determined ^ ’ 
female may reverse some of the normal processes and result in the 
development of male comb plumage, and behavior and even in the 
appearance of a testis. An extreme case of sex reversal of this sort has 
been reported by CrewA A hen,, said to have ceased 

laying, developed male comb and plurnage, crowed, finally functions as 
a male, and became the father of two chickens.^.^^Its ovary had apparently * 
been destroyed by disease and replaced by tw o tes tes. A similar case I 
has been reported in pigeons, and such reversals of sex are known to occur 
normally in certain amphibia, fish, and lower forms in which an individual 
may begin life as a functional female and later become a functional male. ' 
The effect of early hormonal influence on sexual characters in cattle 
has been studied by Lillie and others, who have shown that where twins 
of opposite sex are born, one is a normal male while the other is usually a 
sterile female with many male-like traits— the so-called “freemartin.” 
The evidence from early development shows that through anastomosis 
of blood vessels, the blood of one embryo, with its hormones, may enter 
the blood stream of the other. In this case the male hormones seem. to„ 
influence the development of the female embryo in a male direction. / ^ 
Sex Determination in Plants. — The problem of sex in plants, as has 
been pointed out, is somewhat more complicated than in animals because 
of the occurrence of gametophytic and sporophytic generations, in each 
of which there may be varying degrees of sexual differentiatio.n. In j 
general, differences associated with sex are less marked in plants than in i 
animals and in many cases are entirely physiologicab^i^^ character. Fur- 
thermore, many plants are clearly bisexual or hermaphroditic, and, at 
least among sporophytes, there may be every intergradation between this 
condition and strict unisexuality. A study of sex in plants may there- 
fore be expected to provide evidence as to the beginnings of both sex 
determination and sex differentiation in general. 

Thaiiophytes.— Sexual reproduction is known to occur in all plants of 
this group above the blue-green algae and bacteria, but in many of the 
simpler forms the two sexes, as well as the gametes which they produce, 
are morphologically similar. Blakeslee first showed that in such forms 
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: there may be a physiological differentiation of two types. In the bread 

: ' - molds (Mucor and its allies, the Mucorales) he found that zygospores 

(resulting from sexual fusion between hyphae) are sometimes produced by 
the union of hyphae from the same mycelium or individual. Such forms 
he termed homothallic. In most cases, however, zygospores are formed 
only when two distinct individuals (mycelia) come together ; and in such 
cases the mycelia must be physiologically different as to sex, or hetero- 
thalUc. Within a given heterothallic species it is possible to assign every 
individual to one of two types, arbitrarily designated as “plus” and 
“minus.” j Two plus individuals will not unite sexually, nor will two 
minus individuals, but when a plus and a minus mycelium are in contact, 
zygospores are produced by fusions between them. It is thus easily 
possible to determine the type of any unknown individual by growing it in 
contact with a known plus race and a known minus one. That there is a 
fundamental difference between these two t3rpes is also shown by recent 
! ' , biochemical studies involving the so-called Manoilov reaction, a very 

delicate test whereby it has been found possible to distinguish the blood 
! ' of male from that of female animals and the tissues of staminate plants 

from those of pistillate ones. The plus and minus mucors react dif- 
, ; ferently to this test, the former behaving like females and the latter like 

males, indicating a rather fundamental chemical difference between the 
two types. 

' J The separation of, the sexes following germination of the zygospore is 

! ' not well understood. [ In some cases the sporangium which immediately 

develops is all of one sex, indicating that differentiation has taken place 
in the germinating zygospore itself ; in others, both plus and minus spores 
are found in this sporangium. 

^ (Heterothallism is now known to occur in many other thallophytes, 

both algae and fungi.'^ Thus in the unicellular alga Chlamydomonas, 
gametes must belong to different types if they are to unite. The fila- 
ments of Ulothrix and the gametes produced in them, although morpho- 
logically similar, have recently been shown by Gross to be sexually 
distinct, some being plus, some minus. 

Many of the basidiomycetes have plus and minus uninucleate 
mycelia. Anastomoses between these give rise, to a binucleate mycelium, 
which ultimately produces the sporophore. The two strains are probably 
separated again in the cell divisions immediately preceding the formation 
of the basidiospores, from which new uninucleate plus and minus mycelia 
again arise. More than two distinct types have been reported in a 
number of basidiomycetes. 

^The actual point in the life cycle at which sex determination takes 
plaice has been located much more definitely in some of the ascomycetes 
through the work of Dodge. In several species of Neurospora (the 
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pink bread mold) the mycelia are uninucleate and thus presumably 
haploid and have been clearly shown to be heterothallic. Through 
fusion between two mycelia of opposite type, a diploid peritheciuni 
develops, and in this the asci or spore cases are produced. Each ascus is 
originally uninucleate, but in most species, by three successive divisions 
of this nucleus eight spores are ultimately produced. Since these spores 
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Fig. 99.— Segregation in asci of Neurospora sitophila. Black and white spores indicate 
segregation for sex; dotted and plain, that for presence or absence of conidia. Thus in C, 
segregation for sex occurred at the first division and for conidia formation at the second 
dlYiBion, (From Dodge.) 

retain their original order in the ascus, it is possible from their positions 
to determine the lineage of each and thus to distinguish the groups sepa- 
rated at the first, the second, and the third cell divisions in the ascus. By 
a delicate techniqu^; Dodge has been able to isolate each of the eight 
spores of an ascus ank to grow from each a mycelium. When this is done, 
it is found that sometimes the first four spores (1, 2, 3, and 4 numbered 
from the bottom) give one sexual reaction (plus, let us say) and the other 
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four (5, 6, 7, and 8) an opposite one, indicating that the segregation of the 

r Lu. typ. was accomplished at f 

In othei pmiiucts ot the Erst division still possess 

are minus, indicating, that t p segregated until the 

second ivision m these plants is unknown. 

w h vltic lata woZ thus seem to mdicate that hereditary poten- 
Mte‘a“ter. sometimes segregated at the first dmeron. somettmes 
at the second, and sometimes at both. 


X— 





ch— ^ ^:ZT''XF;otAUe:) 

Brvoohvtes —In some of the bryophytes both male and female sex 
oraanLre produced on the same plant (the gametophyte) and all the 
3es carry the potentialities of both sexes. Many other speciei^ 
however are clearly heterothallic, the plants all being eithei stii - y 

male or ’strictly female. The Marchals have shown that in these cases 
male 01 strictly le iuin (which arises from a fertilized 

Sfdtelp irr^lc P^^^ 

indicating that the segregation for sex takes place at spore orm 
Reo-eneration experiments carried on by the Marchals and by 
Wedtstein have also shown that protonemata ^arising ^ 

male nlant will produce nothing but male plants, and fiom a temai. 
nothing but female ones; but that those regenerating from ftc tissue o^ 
the sporogonium (which is diploid) give nse to htsexual plants 
miners for sex are thus sharply separated in the umsexual game op ry m 
“ ome together in the diploid sporophytes, and are agam separated at 

SDorogenesis, presumably by the nieiotic divisions. 
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The first clear case of a chromosomal mechanism associated with sex 
determination in plants was also found in this group. In the heterothallic 
liverwort Sphaerocarpos, both Douin and Allen showed that the four 
spores resulting from the division of a single spore mother cell give rise 
to two female and two male gametophytes. Allen later found that in 
every cell of the female gametophyte there are seven chromosomes, 
evidently homologous with seven in the cells of the male gametophyte, 
and in addition one large X chromosome, the homologue of which, in the 
male, seemed to be a very much smaller Y chromosome (Fig. 100). The 
diploid sporophyte is thus 14A + X + Y, the female gametophyte 
7 A + X, and the male 7 A + Y. Here the segregation of the XY 
pair at meiosis parallels that of the sexes, suggesting that femaleness is 
associated with the X and maleness with the Y. These chromosomes 
evidently carry other determiners than those for sex, however, since 
Allen has found that the character of separate spores (as opposed to their 
persisting union in tetrads) is inherited only through the female parent 
and is thus presumably determined by a gene in the X chromosome, a 
condition comparable to that of a sex-linked trait in animals. Other 
examples of heterochromosomes associated with sex differences, though in 
a somewhat more complicated fashion, have been found among other 
liverworts. 

Spermatophytes. — The great majority of seed plants have hetero- 
thallic gametophytes arising from two types of spores produced on the 
same sporophyte. The spore-bearing structures are now termed flowers, 
the microsporangia (bearing microspores or pollen grains) being borne 
on stamens and the megasporangia (bearing megasporcvs) on carpels. 
Among most species both these structures occur in the same flower, which 
is thus bisexual or hermaphroditic. In many cases, however, stamens and 
carpels are borne on different flowers but on the same plant, which is then 
termed monoecious. Numerous intermediate conditions between her- 
maphroditism and monoecism are known. It is significant that the spo- 
rophytic plant is capable of producing both microspores and megaspores, 
however these may be distributed among individual flowers ; and that the 
primary sexual difference thus seems to be without a genetic basis but to 
arise in genetically identical material during the development of the 
sporogenous tissues. 

Among a few of the seed plants the two types of spores are borne not 
only in different flowers but on different plants, the primary sexual 
difference, actually manifest in the gametophyte, thus being pushed back 
into the sporophyte, where it has a definite genetic basis. In such 
dfoccfotis species it is possible to speak of male and (Temale” plants 
in the sense that they bear spores which wiU develop into male or female 
gametophytes, respectively. 
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The genetic difference between these two types was first studied by 
Correns in the early years of this century. In the genus Bryonia he 
found that if a female of B. <Uoica, which is dioecious was pollma d by 

the monoecious species B. aJba, all the ^ li 

B. alba, on the contrary, was polhnated by B. d^o^ca, about hall the 
offspring were male and half were female. From this Correns inlerred 
that in the dioecious species the eggs are of one sort as far as sex deter- 
mination is concerned but that the male gametes are of two kinds 
half male in tendency and half female. In other words, the “^^1® plant 
seems to be heterozygous for sex (XY) and the female homozygous (XX). 
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Studies by Baur, ShuU, Winge, and others on ^wecioi^ species oTthe 
genus Melandrium (Lychnis), a member of the pink family, still fu ^ 
strengthened this hypothesis by demonstrating several 
linked inheritance of the male-heterogametic type. Thus m the dioecious 
Melandrium album (pychms dioica) there is a broad-leaved form and a 
narrow-leaved one (Fig. 101). This difference is apparently due to a 
Xoi genes (B5) in the X chromosome. The narrow type is recessiv 
Ld is lethal in pdlen grains, the Xb grains dying. Thus a 
homozygous for broad leaves crossed with a narrow-leaved male wil 

produce all broad-leaved male offspring. 

(XB)(XB) X (X6)Y 

(XB)Y broad-leaved male 
Tint formed 
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Fi<3. 102. — Sex chromosomes in Melandrium. (After Belar,) 

Winge has found other traits in this species which are inherited in some- 
what the same fashion. These evidently conform in their essential 
features to the types of sex-linked inheritance found in Drosophila and 
many other animals. 

The cytological basis for sex differences in dioecious plants has also 
been determined in many cases. Female plants of Melandrium, for 
example, have been shown to possess two large X chromosomes, and male 
plants an X and a much smaller Y (Fig. 102). A similar distribution of 
heterochromosomes has been found in over 50 other species of dioecious 
plants, as in Elodea, Rumex, and Humulus. In many other dioecious 
forms, however, such as Bryonia, there are no visible chromosome 
differences between the sexes. 


If the female parent is heterozygous, the offspring will likewise all be 
male, but half will be broad-leaved and half narrow-leaved. Thus: 


{XB)(Kb) X (Xh)Y 

{XB)(Xb) not formed 
{XB)Y broad-leaved male 
(Xb)(Xb) not formed 
(Xb)Y narrow-leaved male 


A heterozygous female crossed with a broad-leaved male, on the con- 
trary, produces both male and female offspring, the latter all broad- 
leaved, and the former half broad and half narrow, thus: 


iXB)iXb) X (XB)Y 

(XB) (XB) broad-leaved female 
(XB)Y broad-leaved male 
(Xb) (XB) broad-leaved female 
(Xb)Y narrow-leaved male 


m ft 

m w 

Pollen Ovule 
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Origin of Dioecious Maize (Fig. 103). — In a case investigated by- 
Jones, the parts played by specific genes in determining the sexual type 
of the plant and the method of reproduction (monoecious or dioecious) 
have been disclosed. The maize plant is ordinarily monoecious, the 
terminal inflorescence (the tassel) being male, the lateral inflorescences 
with pistils, styles (silks), and stigmata being female. Mutant genes 
are known which suppress the development of the silks, and plants 
homozygous for such a gene function only as males; other mutant genes 
cause the production of female flowers and seeds in the tassel, and plants 
homozygous for such a gene function chiefly as females^ although the 





Fia. 103,— Normal hermaphroditic maize (left); silkless (male) center; tassel-seed (female) 

right. 


tassel may also produce functional pollen. Jones crossed a silkless plant, 
sk sk, as male parent with tassel-seed plant, ^3, as female. The Fi 
plants, Sk sk Ts ts, were normal hermaphrodites with the usual tassels 
and cobs, that is, each mutant type contained the normal allele of the 
other and reversion to the normal monoecious condition occurred. When 
these FJs were inbred, the F 2 consisted of normal hermaphrodites, 
silkless (male), and tassel-seed (female) plants in a ratio of 9 hermaphro- 
dites: 3 males: 4 females. Breeding tests showed that the tassel-seed 
females were of three types: Sk Sk ts ts, Sk sk is is, and sk sk ts ts, that 
is, sk had no effect in the presence of ts ts. The results of crossing such 
double recessive females with silkless males heterozygous for ts produced 
exclusively males and females as shown below: 


THE DETERMINATION OF SEX 


277' 


sk sk ts ts ( 9) X sk sk Ts ts {(T) 
sk sk ts ts (9) ; sk sk Ts ts (cT) 

Continued breeding of these types gave always this clear segregation, 
that is, this stock had become dioecious. The differences between func- 
tionally male and functionally female plants in this family is determined 
by the segregation of a single gene pair Ts ts. Since ts is located in 
chromosome I, this chromosome has become in effect a sex chromosome, 
and since the .male is heterozygous for the most effective locus in this 
chromosome, it resembles closely the male heterogamety found so fre- 
quently in animals and other dioecious plants. This is very similar to 
the assumption of sex-determining power by an autosome in Lebistes 
(p. 265). 

Sex in Plants and Animals Compared. — Plants ordinarily are much 
less sharply differentiated as to sex than most animals, but in the 
essential features of sex determination the two groups seem to be 
fundamentally alike. In both there is evidently a balance between 
tendencies toward femaleness and tendencies toward maleness. In 
most animal individuals the balance has tipped definitely to one side 
or the other and, once established, is relatively constant, but it 
may be upset by changes in the genes or in the environment. In 
most plants there is a much more delicate equilibrium which is often 
subject to modification between different parts of the same plant and 
which, even in normally unisexual species, may be radically altered. The 
mechanism of heterochromosomes, so definitely associated with sex 
differentiation in animals, is relatively rare in plants, and many cases of 
sharp sex differences occur with no accompanying chromosome differ- 
ences. There are enough instances of well-marked sex chromosomes in 
plants, however, so that we may feel sure that there is a similar relation 
between chromosomes and sex to that found in animals, even though it 
may often lack a morphological expression in the chromosomes themselves. 

In both animals and plants, genetic modification of sexual characters 
may come about through the interaction of many genes, although under 
certain conditions one or few of these may play predominant roles. 
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PROBLEMS 

328. What prospect is there for influencing the sex of unborn offspring in 
man? 

329. Riddle has found in pigeons that eggs with a relatively large amount of 
stored food and a relatively low metabolic rate tend to produce females and that 
those with less storage and higher metabolic rate produce males. With what 
general characteristics of maleness and femaleness may these differences in germ 
cells be related? 

330* What evidence do you know of in man that sex is quantitative and that 
there are various degrees of maleness and femaleness? 

331. If a hen which undergoes sex reversal, and thus becomes a functional 
male, produces gametes of the same chromosomal constitution as before (although 
they are now sperms instead of eggs), what will be the sex of her offspring when 
she is mated with a normal hen? 

332. If such a sex-reversed hen were barred, what would be the appearance of 
her offspring when bred to a nonbarred hen? 
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333. In Drosophila what ratios of autosomes to sex chromosomes would you 
expect to get in the progeny from a cross of triploid females X diploid males, 
assuming that all eggs are viable and that all the autosomes have equal iiiale 
tendency? What would you expect to be the sexual character of each of these 
offspring? (Fig. 97.) 

334. How would you determine whether there are differences in the strength 
of the male tendency between the three autosomes of Drosophila? 

335. Goldschmidt has discovered one race, of Lymantria dispar which 
is the weakest of all weak races. When an H female is crossed with a strong male, 
only sons are produced, half of them being sex-reversed females. The reciprocal 
cross (strong female X H male) produces normal sons and daughters in the Fi 
and 3 females : 1 male in F 2 . An Fi female from this cross X H males produces 
only females. Explain these facts. 

336. On the hypothesis of sex-determination and sex-linkage in Melandrium 
outlined on page 274, explain why it is that narrow-leaved female plants do not 
occur, 

337. If a female Melandrium plant heterozygous for broad leaves is crossed 
with a broad-leaved male plant and the Fi individuals are allowed to interbreed 
freely, what will be the appearance of the Fa as to sex and leaf character? 

338. What cytological explanation can you suggest for the fact that there may 
sometimes be genetic segregation in each of two successive cell divisions, as in the 
ascus of Neurospora? 

339. Assume that in Neurospora a mycelium which is “plus” and carries the 
gene for the production of conidia fuses with a “minus,” nonconidial mycelium 
and that, in a given ascus produced in the resulting perithecium, segregation for 
sex takes place at the first division and for conidia at the third. State the genetic 
constitution, as to these two traits, of each of the eight spores in this ascus, 
enumerating them in order. 

340. What would you expect to be the mode of inheritance in Sphaerocarpos 
of a sex-linked trait which had its expression in the sporophyte? Of one which 
had its expression in the gametophyte? 

341. If the Fi of a cross between homozygous siikless and homozygous tassel- 
seed maize (p. 276) is crossed back on its tassel-seed parent, what will be appear- 
ance of the offspring? 

342. In the following crosses, involving siikless and tassel seed in maize, what 
will be the appearance of the offspring? 

Sk sk Ts ts X Ss sk ts is 
SkskTsts Xsk sktsts 

343. In the artificially produced race of dioecious maize where the female is 
ts ts and the male Ts ts, assume that gene a occurs in the same chromosome as ts 
and shows 10 per cent crossing over with it. If the female parent {ts is) is aa and 
the male {Ts ts) is AA, what will be the appearance, as to sex and gene a, of the 
Fi?of theF^? 
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^ r.™ sr.; rr .Y* 

AXAY^ o^^Y/aX. List the phenotypes of the male and female offspring 

Sin“bip«»tal m.te) ot the fou, tw» of metop bet.een . melee eod 

Aa females. , , , , i, i -j 

345 In Habrobraoon a wild-type (black-eyed) female mated to a haploid 

male with orange eyes produced in F. black-eyed 
backcrossed to orange and to black males produced ofisprin. 



Black-eyed 

Orange-eyed 


9 9 

fcf 1 

9 9 

■ d'd' 

El 9 X orange d' 

44 

221 

59 

1 243 

21 

Fi 9 X black d 

102 

19 




Explain these ratios. 

346 In Habrobracon, an orange-eyed female heterozygous for the recessive 
m.« to . bbmkmyed fo.ed m.l. prodoo.d oU.p™, .0 

follows: 

Black-eyed 

9 9 cf’cT 




Orange-eyed 

9 9 cJ’cf' 



+ 

none 112 


fu 

120 


Explain the inheritance of fused. 


CHAPTER XII 

INBREEDING AND HETEROSIS 

Most of the hereditary differences between individuals belong to the 
tvoes discussed in the preceding chapters and owe their origin to genic 
changes or to alteration in the number or character of the chromosomes. 

A number of important differences, however, which are concerned chiefly 
with size and vigor, have been regarded by practical breeders as being 
due to other causes, among which is the degree of relationship between 
the parents. The frequently deleterious effects- of inbreeding, or the 
mating of individuals closely related in descent, have long been recog- 
nized and assumed to be due chiefly to the close relationship of the 
parents. Conversely, the stimulatory effect of a cross between parents 
belonging to different races or stocks has often been observed by practical 
breeders and used as a means of improving size and constitutional vigor. 

The essential truth of these observations is not to be doubted, but they 
may now be interpreted as consequences of the Mendelian mechanism. 

Inbreeding.— Breeders, especially of animals, have found tba.t, ^ 
although inbreeding has been the means by which supenor vari^^;^^.- 
been developed since the earliest times, it will often, ff too Q^^r too 
long continued, result in reduced size, lessened fecundity, and ultimate 
inability of the stock to survive. The fact that in many of the higher 
plants self-pollination is prevented or rendered relatively mfrequent by 
various structural or functional means and similarly in most animals t a 
the progeny arise from matings between different individuals convinced 
many earlier biologists that self-fertilization was an unnatural and thus 
presumablv harmful process. The extensive experiments of Darwm 
with plants seemed to lead to the same conclusion, since in m_ost species 
the offspring arising from self-fertilization were clearly less vigorous than 
those from cross-fertilization. It was his opinion, shared by most 
biologists until recent years, that the process of 'inbreeding itself in some 

way produced the.se injurious effects. . ^ 

■ Objections to such a general conclusion, however, began to appear 
when the problem was reinvestigated by carefuUy controlled experiments 
and in the light of a knowledge of Mendelian inheritance. Attention was 
called to the fact that many species of plants, such as peas, beans, bar ey, 
and oats, are normally self-fertilized but nevertheless compare favorably 
wdth cross-fertilized species in size, fecundity, and ability to survive. 
Furthermore, several animals with which careful inbreeding experiments 
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have been carried out do not invariably show the expected decrease in 
size and vigor. Thus in the strain of albino rats studied by King, 
brothers were mated to sisters for 25 generations, at the end of which 
period the animals compared favorably with crossbred stock used as 
controls. It should be noted, however, that in the inbred race only the 
most vigorous animals were selected for breeding. In Drosophila, 
inbreeding through brother-sister matings was carried on by various 
workers for a much larger number of generations, and although vigor and 
fecundity were somewhat reduced at first, in later generations these were 
maintained at essentially the level of cross-fertilized stocks. 

Most experiments, however, confirm the results of earlier workers and 
show that long-continued inbreeding of normally cross-fertilized organ- 
isms does result in the appearance of certain traits that are unfavorable 
for survival. 

Important evidence here is provided by extensive series of experi- 
ments on plants, in which the effects of the closest sort of inbreeding — 
self-fertilization — could be studied. Work with maize has been particu- 
larly fruitful in results. This was begun independently by Shull and 
East in 1905, the latter ^s experiment having been carried on in an enlarged 
form to the present time by Jones. Maize is normally cross-pollinated 
but can readily be self-pollinated experimentally. Results showed that 
the first generation following the self-pollination of a normal crossbred 
plant was generally inferior to the parental generation in size and fruit- 
fulness and that this decline continued for seven or eight generations at a 
progressively decreasing rate until a point was reached (unless the line 
became extinct) where no further decline was manifest, no matter how 
long the inbreeding continued (Table XXI) . Parallel with these changes 
was the isolation of subvarieties differing in characters, such as color, 
branching, length and position of ears, character of silk, tillering, seed 
size, arrangement of kernels, and other respects, all of which gradually 
became fixed and constant. The general results of inbreeding in maize 
are summarized by East and Jones (1919) as follows: 

1. There is a reduction in size of plant and in productiveness which continues 
only to a certain point and is in no sense an actual degeneration. 

2. There is an isolation of subvarieties differing in morphological characters 
accompanying the reduction in growth, 

3. As these subvarieties become more constant in their characters the reduc- 
tion in growth ceases to be noticeable. 

4. Individuals are obtained with such characters that they cannot be repro- 
duced or, if so, only with extreme difficulty. 

Evidence of the same sort has been obtained from animals. Thus the 
long-continued inbreeding experiments with a series of guinea pig families 
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vTT —The Effect of Continued Self-feetilization upon the Height 

TABLiB • f^r\-a-Kr f Dnin irnvn. J nn.P.RS 


Number of 
generations 
selfed 

0 

1 to 5 
6 to 10 
11 to 15 
16 to 20 
21 to 25 
26 to 30 


A, 

height, inches 

B, 

height, inches 

C, 

height, inches 

117 

117 

117 

87 

81 

91 

97 

84 ’ 

88 

97 

84 

87 

88 

85 


81 

75 


92 

80 

. 


D, 

heiglitj inches 


117 

77 

82 

83 

75 

71 


* Lost. 

beeun by the United States Department of Agriculture in 1906 and carried 
on in later years by Wright involved records of 30,000 animals and 23 
gLerations of brother-sister inbreeding. The effect of th™ to pr^^ 
duce a decline in size and other elements of vigor. The mortality at 
birth and between birth and weaning, body weight, growth, size and 
number of litters, and resistance to tuberculosis were adversely affected, 
and the inbred animals were inferior to outbred controls in these respects^ 
Just as in maize, there was here observed a conspicuous ciifPerentiation 
among the various inbred families, with a fixation of vanous traits m 

^^'^The genetic interpretation of these results of inbreeding has been con- 
cisely stated by East and Jones (1919) as follows; 

From the preceding observations it can be said that inbreeding has but one 

demonstrable effect on organisms subject to ite lolZxe 

zygous types. The diversity of the resulting types depenj ^ ™ 

immber of heterozygous hereditary factors present m the individuals with whic 

. u ;+ icj Ki'oKr fViprefore to vary directly with the amount of 
the process is begun; it is lihely, thereiore, to vaiy u j .f .Up 

cross-breeding experienced by their immediate ancestors, ^h® rapidity of the 

isolation of homozygous types is a function of the intensity o e in ree mg. 

A decline in heterozygosity should 
tinued self-fertilization or close breeding. Thus an individual 
zygous for a single factor pair Aa will produce, if selfed, offspring of which 
one-fourth are AA, one-half An, and one-fourth an. Under continued 
selling the homo tygons types breed tme end .re progiesavely 
bv segregates from the dwindling group of heterozygotes. The pro 
portions of the three groups may be determined for any genera ion y 
the formula developed by Mendel: 
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2^-1 AA :2 Aa :2^ -I aa 

where n is the number of generations of self-fertilization. 

Similar formulas have been developed by which it is possible to com- 
pute the results of other systems of mating. Thus in brother-sister 
mating the proportion of homozygosity progressively increases but at a 
slower rate, 6 generations of self-fertilization being approximately as 
effective as 17 generations of brother-sister mating (East and Jones 
1919, p. 97). 

This reduction in heterozygosity takes place automatically in all other 
factor pairs regardless of the number of pairs involved (Fig. 104). Thus 



Fig. 104. — Graphs showing the reduction in the proportion of heterozygous individuals 
and of heterozygous factor pairs in successive generations of self-fertilization. {After 
East and Jones.) 

continued self-fertilization leads to a decline in heterozygosity for about 
seven generations, about 99 per cent of homozygosity being attained in 
the seventh generation. This resembles the actual results of inbreeding, 
for here there is a decline in size and variability for about seven or eight 
generations, after which a line becomes essentially stable. 

All the evidence can best be interpreted, therefore, as indicating that 
the reduction in size and vigor is related in some way to the attainment 
of homozygosity and that the mere process of inbreeding, of itself , does 
not produce this result. The automatic reduction of heterozygosity will 
occur, of course, only if new mutations in inbred lines are very rare. If 
the mutation rate is high, this may defer or prevent the attainment of 
homozygosity. 
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Hybrid Vigor. — The phenomenon precisely converse to that of lack 
of vigor following inbreeding is the marked increase in size following 
crossing or outbreeding. This, too, has long been observed by both 
animal and plant breeders. The beneficial effect, technically called 
heierosis, is in greater or lesser degree almost universal and is evident 
even among forms in which inbreeding seems not to be deleterious. It is 
readily recognized, since its maximum effects are evident in the generation 
immediately following the cross. 

Plants show the phenomenon of heterosis particularly well. Thus in 
maize the Fi hybrids between inbred homozygous strains show a marked 
increase over the parent strains in height, frequently show a gain of 150 



Fig. 105 . — Heterosis followed by decline in height after inbreeding in maize. Repre- 
sentative plants of the two parent strains at right, followed by plants from the Fi, Fo, Fa, 
F4, . . . Fs generations of inbreeding toward the left. {From Jones,) 

to 200 per cent in yield, and have thicker stalks and larger leaves, ears, 
and seeds than have their inbred parents. This immediately restores all 
the size lost by inbreeding, and the F 1 plants are frequently as large as the 
original heterozygous stocks. They further show a striking uniformity in 
physical traits as compared with normal crossbred stock, a result evi- 
dently due to the homozygosity which their parent lines had attained. 
A remarkable feature of this vigor, which reaches its maximum in the first 
hybrid generation, is that it cannot be fixed but rapidly disappears 
again under inbreeding (Fig. 105). 

Many other plants show a similar heterosis. This is usually reflected 
in greater size and more numerous and larger parts, but in some cases 
shows itself in more strictly physiological characters, such as increased 
longevity and higher resistance to disease. Hybrid vigor arising through 
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crossing may apparently be maintained indefinitely by vegetative 
reproduction, a fact of particular economic importance in fruit and nut 
trees and such crop plants as potatoes. 

Heterosis also occurs in animals. The mule is perhaps the most 
familiar example of a hybrid animal, and its vigor, hardiness, and resist- 
ance to disease are well known. Crossbred animals and mongrels, 
although of little value for breeding, may be superior to purebred animals 
in size and other bodily characters. Use is often made of this fact in 
breeding them for market. In only a few animals, however, have con- 
trolled experiments been carried out. In Drosophila much evidence has 
been obtained which indicates that size and fecundity increase when 



Fig. 106 , — Heterosis in guinea pigs. Growth curves of males of a large domesticated 
race of guinea pigs (race B, line 2); of a small wild race from Peru (Cavia cutleri, line 4) ; 
and of the Fi (line 1) and Fs (line 3) males from a cross of race B (and race C of similar 
size) with Cavia cutleri. The Fi animals exceeded both parent races in growth rate and 
final size. The Fa animals were distinctly smaller. {After Castle,) 

strains are crossed, particularly if they have been inbred previously. 
The same results have been found in guinea pigs, fowls, and other 
animals (Fig. 106). 

Early students of hybrid vigor, especially Darwin himself, were 
inclined to attribute it (as in the opposite case of the ill effects of inbreed- 
ing) to something inherent in crossbreeding itself, perhaps a physiological 
stimulus from the act of crossing or the mixture of two types of proto- 
plasm. When Mendelian inheritance was understood, however, it was 
seen that there was a definite parallelism between hybrid vigor and 
heterozygosity, both immediately attaining a maximum in the Fi and 
both declining steadily under inbreeding. The suggestion is obvious that 
the condition of heterozygosity, rather than the breeding methods by 
which it is obtained, is what results in the appearance of hybrid vigor. 

Genetic Interpretation of the Effects of Inbreeding and Crossing* — 
That homozygosity of itself should be the direct cause of reduction in 
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size and vigor, and heterozygosity of the opposite condition, is difficult 
to believe. A closer analysis of the problem suggests an explanation 
more in harmony with genetic theory and not requiring the assumption 
that the condition of heterozygosity exerts a stimulatory influence. 

Within a species, different races or lines may differ in the various 
elements of size and vigor. Some may excel in height, some in number 
of parts, and some in resistance to disease. None is likely to be superior 
to all others in every respect. These differences have arisen in the 
process of genetic divergence, slight though it may be, which has sepa- 
rated the races. They are intensified through the breeding of related 
individuals. It is significant that traits of lesser size or vigor, especially 
if they differ from their alleles sufficiently so that they are obviously: 
defects; are usually recessive in their inheritance. 

For the recessive gene controlling each of these deleterious traits 
there is a dominant alLele_which produces a relatively more vigorous 
condition. The number of pairs of such genes is apparently very great, 
and they are distributed diversely among various related races or lines. 
One race may contain one series of genes determining reduced size and 
vigor and another race quite a different series. Each race should have 
the dominant normal alleles of the genes causing the deficiencies in the 
other race. When these two races are crossed, the offspring should show 
the effects of aK these dominant genes and none of the recessive ones and 
thus should show maximum size and vigor immediately, an effect which 
rapidly disappears again under inbreeding as the recessive defects begin 
to appear through segregation. The more highly inbred and lacking in 
vigor a race is, the more pronounced should be the gain made by its 
hybrid offspring, provided that the two parents lack different elements of 
size and vigor. Thus if two different lines of maize, reduced in size from 
long-continued inbreeding, are crossed, the immediate return to full 
stature shown by their offspring may be due to the fact that dominant 
genes, which have been separated from each other during the isolation 
of these lines, are brought together again, each contributing some ele- 
ment of vigor to the hybrid type. 

A simple example will illustrate how such a result is presumably 
obtained. Keeble and Pellew crossed two varieties of garden peas. 
One variety had short, thick internodes but many of them. The other, 
equally tall, had fewer but longer internodes. The Fi plants had both 
many and long internodes and were therefore considerably taller than 
either parent because of this complementary action of two dominant 
genes. Heterozygosity in such cases is thus to be related to hybrid 
vigor merely as the necessary result of bringing together two diverse 
groups of factors, and the rapid loss of hybrid vigor under inbreeding thus 
receives a simple Mendelian explanation. 
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If this hypothesis is correct, however, it should be possible to obtain 
individuals homozygous for all of the dominant factors present in the 
hybrid and thus make hybrid vigor permanent in a true-breeding race; 
but in actual practice this has been found very difficult or impossible to 
do* Jones has reconciled this result with the hypothesis, however, by 
assuming that there are a relatively large number of factors affecting 
size and vigor and that each chromosome ordinarily may contain several 
of them. In inheritance they must therefore occur in groups of linked 
genes. A single group would be expected to contain some dominant 
alleles for increased size and some recessive ones for lesser growth. The 
hybrid would possess the dominant member of each pair, but the re- 
combination of ail of these together in one gamete would be extremely 
rare, since the genes do not assort independently as they would if there 
were but one to a chromosome. Their genetic behavior is necessarily 
complicated by their linkage relations, and a series of rarely occurring 
crossovers of a very precise sort would be necessary to obtain all the 
dominant genes in the same gamete. By proper genetic manipulation, 
however, it should be possible to do this, and the fact that markedly 
vigorous, true-breeding races have been obtained in both plants and 
animals indicates that such combinations have sometimes been at least 
partially fixed.r 

The genetic interpretation of heterosis is not quite as simple as this 
in all cases, however. Much of the reduction in size which accompanies 
inbreeding seems not to be the result of this appearance of real defects 
but rather to belong to the category of general size differences. Obvious 
defects which often appear as the result of inbreeding may readily be 
eliminated by the selection of individuals which do not display them, and 
the stock itself thus purged of genes which produce such weaknesses. 
The remaining inbred individuals are small but often otherwise normal, 
and it is significant that when two such inbred types, genetically diverse, 
are crossed, the Fi at once shows the maximum heterotic size. Evi- 
dently in such cases it is not the so-called defect genes which are 
responsible either for the reduction in size due to inbreeding or for the 
increase due to crossing. 

Another difficulty arises from the fact that for ordinary size traits, 
which seem here to be chiefly involved, there is no clear evidence that 
large size is dominant over small. The Fi in most cases seems to be 
essentially intermediate. Some degree of dominance, however, must be 
assumed if the genetic explanation of heterosis proposed above is to 
hold, for if the heterozygous condition is precisely intermediate, there 
can be no cumulative effect of heterozygosity. East has recently sug- 
gested a possible explanation of heterosis which does not require domi- 
nance. The essence of this suggestion is that allelic genes may affect 
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different processes and so in heterozygous combination produce cumula- 
tive effects. Thus if a gene Ui affects a slightly different physiological 
process from its allele ^ 2 , then aia 2 would be expected to show a cumula- 
tive effect, that is, a greater positive effect than Uiai or a^a^. This 
implies a complementary action of different mutations at the same locus, 
but unlike the complementary action of two nonallelic genes (p. 90), 
it does not require the assumption of dominance. If genes with such 
effects on growth occur as members of multiple allelic series then various 
degrees of heterosis might be accounted for by varying degrees of diver- 
gence in physiological effect among genes at the same locus. Apparently 
the only actual case to which such an interpretation may be directly 
applied is one reported by Dunn, in which each of two recessive genes in 
the mouse and f) is lethal when homozygous {W and f-D) but the 
heterozygote (tH^) is viable and normal in character. Since these two 
genes are probably alleles (they show no crossing over), their action is 
thus complementary in the sense required by the above interpretation,) 
that is, P supplies what is lacking in tK ^ 

Assuming that heterosis is due to combination of unlike genes affect- 
ing growth either by dominance or by divergence of alleles, the problem 
still remains as to how such an initial hybrid genetic constitution pro- 
duces greater size. The two chief explanations that have been brought 
forward are (1) that the hybrid reaches greater size and vigor by more rapid 
and efficient growth than its purebred parents and (2) that the greater 
size of the hybrid is due to its greater initial size (embryo or primordium 
size). Although earlier work appeared to support the first interpretation, 
Ashby has recently questioned this. He finds that in both maize and 
tomato there seems to be no difference in photosynthetic or respiratory 
activity between heterozygous plants and their parents, nor any higher 
rate of growth (in terms of percentage rate) in one than the other. The 
increased size of heterotic plants he finds to be due merely, to the main- 
tenance of an initial size difference, presumably in the mass or “capitar^ 
of the meristematic tissues, in the embryo. In other words, the relative 
difference in size between plants of the Fi and their parent forms is no 
greater than the relative difference between their embryo sizes. Ashby 
thus assumes that the major effect of heterosis occurs in the very early 
development of the individual rather than throughout its life. Ashby’s 
results have been confirmed for tomatoes by Luckwill but are called in 
question by Sprague, who repeated similar experiments with maize. 
The hypothesis of meristematic ''capital” as the prime factor in hybrid 
vigor has been of value in directing attention to the need for a fuller 
understanding of the physiology of heterosis. It fails to touch a number 
of important questions, however, such as the frequently greater duration 
of growth in heterotic plants, the fact that heterosis may be transmitted 
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in vegetative reproduction, and the cases where heterozygous individuals 
are apparently superior to inbred ones in truly physiological characters 
such as immunity and fecundity. 

Altogether, the problems presented by the effects of inbreeding and 
crossing are still very puzzling ones genetically and require much more 
intensive study. They are clearly related to those involved in the 
inheritance of quantitative characters and will not be solved until much 
more definite information is obtained as to the physiology and genetic 
control of growth processes. 
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PROBLEMS 

347. Why may persistent inbreeding in a number of lines, later followed 
by crosses between them, result in more vigorous individuals than are produced 
by crosses between members of lines which have not been inbred? ' 

348. The inbreeding of normally cross-fertilized animals and plants is usually 
followed by a reduction in vigor. How is it, then, that many species of plants 
in nature are almost always self-fertilized and thus closely inbred but still con- 
tinue to thrive and maintain themselves successfully? 

349. Will inbreeding result in the reduction of a heterozygous to a homozygous 
condition more rapidly in a species with a large number of chromosomes or in 
one with a smaller number? Explain. 

350. If heterozygous individuals are more vigorous than homozygous ones, 
why is so much emphasis laid by animal breeders on the desirability of purebred 
animals, which are relatively much more homozygous than ordinary stock? 

361. Why is selection for vigor in inbred lines likely to delay the attainment of 
complete homozygosity? 
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352. In the tenth generation of the offspring of a self-fertilized plant hetero- 
zygous for what proportion would there be of heterozygous individuals? 

353. Why should six generations of self-fertilization be as effective in re- 
ducing heterozygosity as seventeen generations of brother-sister mating? 

354. When a farmer procures from his experiment station some crossbred 
maize seed which gives him a high yield through heterosis, he is tempted to grow 
his own seed for the next season, hoping to perpetuate these favorable traits. 
Why is such a procedure doomed to failure? 

355. To obtain maize seed which will produce plants having the large size 
and yield and other advantages of heterosis, it is impractical to use the seed 
from crossed inbred lines since the yield is relatively small. What means can 
you suggest for obtaining a high yield of seed which will produce lieterotic 
plants? 


CHAPTER XIII 


THE ORIGIN OF HEREDITARY DIFFERENCES. I 
GENE MUTATION 

For many years our knowledge of how hereditary differences originate 
has lagged behind the rapidly growing information of the mechanism 
by which they are inherited. The reasons for this are not far to seek: 
it was first necessa^ discover through what structures in the organism 
the differentiating characters are transmitted and to reach some general 
classification of the variations found in nature with regard to their 
transmissibility. The preceding chapters have shown that the main 
features and many of the details of the transmission mechanism are now 
known. This by itself restricts the locale of those changes that become 
hereditary to the chromosomes with their contained genes. Except for 
a few cases of cytoplasmic inheritance it is correct to say that hereditary 
variations that arise in nature are due to changes in the chromosomes. 
Moreover, knowledge of the mechanism of transmission has made it 
possible to devise methods by which heritable changes may be induced 
and studied experimentally. The induced changes which are inherited 
follow the same general rules as the natural ones — they are due to changes 
in chromosomes or genes or both. Since these basic hereditary materials 
are present in all living cells, changes in them may arise, and have in 
fact been demonstrated, both in the reproductive cells (germinal varia- 
tions) and in the somatic or vegetative tissues (somatic variations) in 
both animals and plants. 

Autogenous Variations. — We have called such variations autogenous 
to distinguish them from the other great class of variations which are 
due to the direct action of the environment (Chapter II). It was not 
possible to separate these classes sharply until the transmission mechanism 
was knowm; now it is clear that the latter class (environmental) does 
not furnish the variations which are inherited according to MendeFs 
principles. This does not mean that the chromosomes and genes are 
completely insulated from environmental changes. Qn the contrary 
transmissible changes may be induced by exposure to X rays, radium, 
heat, and chemical agents. It means rather that the changes directly 
evoked in the organism in response to changes in the environment do 
not themselves give rise to the hereditary differences, but that the 
latter are induced directly in the ultimate hereditary materials. It is 
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the internally restricted character of the change to which the term auto- 
genous refers. Autogenous variations may now be classified for con- 
venience into three main categories, 

1. Recombinations . — Although these constitute the commonest source 
of' new phenotypes, they are not, properly speaking, new differences 
at all but are due to rearrangements of the elements within a genetic 
diversity already in existence. They can be diagnosed as such only 
after knowledge of the separate elements has been obtained by experi- 
mental tests. They may be as simple as the segregation of a recessive 
which may have been carried in the stock for many generations, or as 
complex as the release of a gene from a balanced lethal association. 
They may arise also in somatic cells through somatic segregation or 
somatic crossing over (p. 207) . This type of variation has been sufficiently 
discussed in other connections and in this chapter* we shall confine our 
attention to those differences that express the origin of something actually 
new, 

2. Gene Mutations . — Of first importance is the change in a single 
gene, which we shall term gene mutation ov point mutation or, more briefly, 
mutation. If the mutation occurs in a germ cell, it is signalized by the 
sudden appearance of a new form, such as a white-eyed fly in an inbred 
culture of red-eyed ones, which proves on test to show a monohybrid 
difference from the parent form. The individual showing a mutation 
is referred to as Sb mutant. Such mutations may also arise in somatic 
cells, as in the appearance of a few white facets in an otherwise red eye or 
the occurrence of patches of tissue in leaf, stem, flower, root, or seed, 
differing in character from the neighboring tissues. When such a change 
can be shown to be restricted to a single locus or gene, it may be ascribed 
to somatic mutation. If no reproductive tissues have been affected by 
the change the proof that a point mutation has occurred may be difficult 
or impossible to obtain. 

3. Chromosome Changes . — Variations due to alterations in chromo- 
somes of greater extent than single gene loci may be grouped under 
the general term chromosome changes. Here may be placed: 

a. Changes in the number of chromosomes (haploidy, polyploidy, 
heteroploidy) ; 

b. Changes in the number or arrangement of the genes (deficiency, 
duplication, translocation, inversion). Here too should be placed those 
variations (like Bar eye in Drosophila) which behave like gene mutations 
in inheritance but which on analysis prove to be chromosomal rearrange- 
ments showing a position effect (p, 336). 

ReaiTangements likewise may occur either in germinal or somatic 
tissues. The chromosome changes that occur spontaneously and those 
induced by irradiation fail into the game categories. 
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The first of these three types of autogenous variations has already 
been sufficiently discussed. The second (gene mutation) is the subject 
of the present chapter. The third (chromosome changes) will be con- 
sidered in Chapter XIV. 

The Mutation Theory. — New, suddenly appearing types have been 
known among breeders as sports/^ and their importance as points 
of departure for new varieties or species has been recognized for many 
years. Darwin had collected many instances of sudden heritable changes 
but did not ascribe to them an important role in the origination of new 
species because he thought that major sudden changes of this sort would 
be likely to upset the harmonious correlation between the parts of the 
organism and between the organism and its environment. The varia- 
tions to which he chiefly appealed as leading to progressive change were 
the small, continuous, intergrading variations w:hich seemed to be called 
forth by the environment itself. Galton (1889), however, and especially 
Bateson (1894), were led to another view: that discontinuous yariations, 
appearing as distinct new steps, were the chief sources of the new heritable 
differences on which natural selection acted. 

This view was most forcibly developed and supported by Hugo 
de Vries, who in his ‘^Mutation Theory’^ (1901-1903) introduced the 
term ‘‘ mutation and laid the foundations for the modern theory of the 
origin of heritable variations by sudden, discontinuous, random changes 
in the hereditary material. 

Mutation in Oenothera. — De Vries^ evidence was drawn from observa- 
tions on wild and cultivated plants but chiefly from breeding experi- 
ments with Lamarck’s evening primrose, Oenothera Lamarckiana. He 
found this plant growing wild in Holland, where it had escaped from 
cultivation. He noticed its great variability, for in the field it produced 
a number of new types each season (Fig. 107). This tendency to sport or 
mutate continued after the wild plants had been transferred to his garden, 
and during one period of eight generations, seven different new types 
appeared from the wild form and many of these bred true from the time 
they first arose. 

De Vries’ chief contention, that new forms arise by a process of dis- 
continuous variation (mutation), has been amply sustained by later 
work. Intensive genetic and cytological studies of Oenothera species, 
however, have shown that not one but a number of different processes 
are involved in the origin of the new types in this genus. These are 
discussed in detail in Chapter XIV. 

Gene Mutation.— The classic example of gene mutation has been 
the sudden appearance in a true-breeding stock of red-eyed Drosophila 
of a single white-eyed indm which when bred behaved as though 
a specific change had taken place in one point in the X chromosome. 
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Here a wild-type gene had suddenly changed in such a way that processes 
in development which before had resulted in red color of the compound 
eye now resulted in uncolored eyes. This change was a permanent one, 
for the white-eyed stock derived from the mutant bred true from its 
origin. Subsequently several hundred other gene changes occurred in 
Drosophila, each one resulting in specific and permanent hereditary 
differences. The same kind of evidence has been obtained from several 
other species of Drosophila, from maize, snapdragon, rodents, and many 
other varieties of plants and animals which have been bred in large 
numbers. There is little doubt that the differentiating characters which 
Mendel studied in peas had arisen as gene mutations. The specificity 
of such changes, their stability, and their restriction to single loci in the 
chromosomes are therefore direct inferences from controlled breeding 
experiments. A gene mutation may from this evidence be defined 
simply as an alteration of a gene. 

Diagnosis , — new inherited variation can be diagnosed as a gene 
mutation only after proof that it is not due to one of the several other 
types of genetic change, and this generally presents considerable difficulty. 
In the case of a new character appearing only in certain somatic tissues 
of animals, as in mosaics, a test of the nature of the change is possible 
only in case it duplicates a previously known mutation, or in the rare 
event that a part of the reproductive tissues have also changed in the 
same way so that some of the gametes transmit the mutation. Somatic 
variations in plants may often be propagated vegetatively and gametes 
derived from the variant tissues may .thus eventually be tested. 

Even when the variation has occurred in the germinal tissue or 
gametes, proof that it shows monofactorial segregation is not always 
adequate. Thus the Bar-eyed variation in Drosophila (p. 236) met 
all the criteria of a gene mutation until it was shown to be due to a minute 
duplication of wild-type genes. The phenotype ^^Bar eye’^ thus depends 
on changed relations between unmutated genes — -the so-called position 
effect (p. 336). Similarly the Notch mutation in Drosophila met the 
usual criteria of segregation but proved on analysis to be due to a section 
deficiency. 

Moreover it is now known that only a small fraction of the gene 
mutations that occur are accompanied by marked and visible character 
changes. The changes to which the gene is subject constitute a wide 
spectrum from those with effects that are too small to be detected, 
through the large class of small mutations ’Mn which the character 
changes are barely perceptible, to those whose effects are lethal or semi- 
lethal. A large proportion of natural gene mutations probably belong 
in the latter category and special methods are required for detection and 
diagnosis of these (p. 302). Finally it must be remembered that whether 
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a change in a gene produces any character change at all depends upon 
the function of the particular gene locus affected in relation to the other 
processes of the organism. A locus chiefly concerned with eye color 
might mutate within digestive or muscle tissue and produce no detectable 
effects ; a change which in one genotype may be lethal may not have this 
effect in another, or under other external conditions. 

SPONTANEOUS MUTATION 

Gene mutations occurring in nature or in cultivated animals or plants 
that have not been treated to produce mutations are called spontaneous 
mutations, although it is well recognized that “spontaneous” expresses 
merely the fact that we do not know the causes of these. 

Frequency of Gene Mutation.— Although it has usually been held 
that spontaneous gene mutation is a rare event, this opinion has rested 
rather on the stability and conservatism of wild species and on the low 
frequency with which mutant phenotypes are found in nature than on 
data from deliberate attempts to measure the exact frequency of muta- 
tion. Recent experience indicates that mutation frequency varies in 
different species and in the same species under different conditions and 
that the different loci of the chromosomes have different mutabilities. 
Muller has devised special techniques for measuring mutation ra,te in 
Drosophila and has estimated that under ordinary laboratory conditions 
a mutated gene (lethal) may be expected in Drosophila melanogaster in 
from 1 in 100 to 1 in 1,000 chromosomes. Schultz (1936) gives a muta- 
tion rate of .18 per cent for sex-linked lethals in this species. Tsehet- 
verikoff (1927) and his students sampled wild Drosophila populations in 
southern Russia and inbred the offspring of single females in the labora- 
tory The offspring of 239 wild flies segregated for a total of 32 mutant 
genes. Dubinin and his associates (1934), in a more extensive experi- 
ment of the same sort, inbred the descendants of wild females of D. 
melanogaster collected at several stations in the Caucasus. A large per- 
centage of the flies were found to carry mutant genes. The frequency of 
lethals varied in different populations from 0 to 21.4 per cent; and the 
frequency of mutations with detectable visible effects from 3.9 to 33.1 per 
cent (Table XXII). In one year 151 salivary chromosomes containing 
lethals were studied and not one was found to show a chromosomal aberra- 
tion, indicating that the lethals were probably gene mutations. No sex- 
linked mutations were found in any year. Systematic study of uertam 
variable characters (bristles) revealed an even greater frequency “ muta- 
tions with minor or modifying effects. Baur had also found such small 
mutations” to be very frequent in Antirrhinum (10 per cent) and attn- 
buted to them especial importance in evolutionary change. Dobzhansky 
(1938) has recently found that the majority (75 per cent) of the chromo- 
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somes of wild D. pseudoobscura contain at least one mutant gene, most of 
them with small effects on viability. 


Table XXIL — Mutations Found in the Inbred Fg Descendants op Wild 
Females of Drosophila melanogaster Captured at Gelendzhik, 
U.S.S.R. {Data from Dubinin, Heptner, Demidova, Djachkova, 1936) 



1933 

1934 

1935 

Number of wild females tested 

877 

616 

797 

Number of autosomes (II and III) tested 

1,754 

1,232 

1,594 

Percentage of autosomes carrying gene muta- 

21.78 

66 . 17 ; 

36.75 

tions 




Percentage of autosomes carrying lethal muta- 




tions 

7.98 

12 . 66 ; 

8.78 

Percentage of autosomes carrying visible 


i 


mutations 

13.80 

43.51 

36.75 


These extensive studies of Dubinin and his coworkers, of Dobzhansky, 
and of others do not, of course, measure actual mutation frequency in 
wild populations. The frequency of mutations found must, as Dubinin 
concludes, represent a resultant of two phenomena: the mutation rate 
and the force of natural selection which tends to restrict the spread of 
harmful mutations. The data show clearly, however, that mutations 
do occur mth appreciable frequency in nature and that large fractions 
of them are at the extremes of the spectrum of magnitude of effect, that is, 
“small mutations^’ and lethals.- 

Spencer (1935) found that the rate of occurrence of visible mutations 
in several species of Drosophila, while in general of low order (37 mutants 
out of about 750,000 flies observed), differed greatly at different times, 
and he attributed this to variations in environmental factors. Demerec 
(1937), however, has proved that different strains of the same species 
(melanogaster) may show very different mutation rates and that some of 
these differences are due to genic differences between the strains. If such 
genes stimulating mutability are of common occurrence then “mutation 
rates may be due chiefly to such inherent factors; and mutation- 
frequency estimates obtained in the usual way are not likely to be appli- 
cable beyond a particular strain and a particular time. 

Plants show a similar situation. Thus in Antirrhinum majus Baur 
estimated that 5 to 7 per cent of the sexual progeny of an individual plant 
contained a new mutant gene in at least one locus, while in the nearly 
related A, siculum, on the other hand, not a single gene mutation was 
found in twenty years of breeding. 

Individual genes likewise vary greatly in their tendency to mutate. 
In maize Stadler has made an extensive and carefully controlled. study of 
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the frequency of mutation of eight genes. His data (Table XXIII) show 
that some loci (such as R) are relatively mutable, while others (such as 
Wx) are extremely stable. In Drosophila a similar situation probably 
exists. 


Table XXI IL — The Frequency of Changes in Seven Genes of Maize. 

{After Stadler) 


Gene 

Gametes tested 

Number of 
mutations 

Average per one 
million gametes 

R 

554,786 

273 1 

492 

I 

265,391 

28 

106 

Pr 

647,102 

7 

! 11 

Su 

1,678,736 

4 

! 2.4 

Y 

1,745,280 

4 

2.2 

Sh 

2,469,285 

3 

1.2 

Wx 

1,503,744 

0 

0 


In Drosophila many spontaneous mutations at such loci as white, cut, 
forked, ebony, and vestigial have now been observed, forming long 
series of multiple alleles and including recurrent mutations to the same 
allele; many mutations at these loci have also been observed following 
irradiation; while at other loci only one or a few mutations have been 
found. There are known, for example, at least 14 alleles of the gene 
for white eyes in D. melanogaster (p, 103); in several of the rodents 
from 3 to 7 alleles at the albino locus are known; and other genes which 
have been observed just as continuously have mutated but once to pro- 
duce a single pair of alleles. Apparently some regions of the chro- 
mosome tend to mutate more frequently than others. 

Mutations to and from the different alleles at the same locus also 
occur with different frequencies as Timofeeff-Ressovsky has shown in the 
case of the white locus of Drosophila melanogaster. 

These and other obseiwations show that mutations may occur in two 
directions, from an old or wild-type gene to a new allele (direct mutation) 
and from the mutant allele back to or toward the wild-type (reverse 
mutation). The frequencies of these two processes may be equal or 
unequal in different strains or in different loci of the same strain. 

Mutable Genes. — The wide range of mutation frequency that Stadler 
found is probably representative of a general variation in gene stability. 
At one end of the range are stable genes which change very rarely; at the 
other are the so-called mutable genes, which mutate with frequencies 
that under certain conditions approach 100 per cent. Many of these, 
as for example the gene for variegation in the endosperm of maize, studied 
by Emerson, mutate only in somatic tissue. The mutated areas show 
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the dominant self-colored condition, indicating that the recessive gene 
(variegation) has mutated back to its dominant allele again. Emer- 
son also found evidence of another gene in maize which increased the 
frequency of these reverse mutations. Demerec has discovered several 
mutable genes in Drosophila and in Delphinium. In Drosophila virilis 
one strain of miniature-winged flies, known as miniature alpha (miniature 
is a recessive sex-linked gene as in D, melanog aster), regularly produces 
from 5 to 10 per cent of wild-type (long-winged) flies as well as some 
mosaics in which patches of wild-type tissue appear in the miniature 
wing. Demerec has showm that the appearance of the wild-type flies 
is due to reverse mutation of a miniature gene to its wild-type allele in 
the germ cells, whereas the mosaics are due to the same type of mutation 
in the somatic cells. He has, moreover, demonstrated the inheritance of 
several genes that stimulate the mutability of the miniature gene. One 
of these, M, behaves as a dominant and when present in miniature alpha 
flies may result in the production of over 75 per cent of wild-type progeny. 
The mutability of the same miniature gene in the somatic cells may be 
unaffected. 

This may provide an explanation for many of the cases of continually 
variable traits such as variegation -which have puzzled geneticists and 
breeders for so long. When considered in connection with the evidence 
from Drosophila melanogaster, Antirrhinum m.ajus, and Stadler^s proof 
of different mutation rates in maize genes, the evidence from, mutable 
genes shows that different genes may have very different stabilities, even 
under normal conditions. 

Stages at Which Gene Mutations Occur. — New mutations may occur 
at various stages in development. They may affect only a single somatic 
cell which, as in color variation in the endosperm of ihalze or In the epi- 
dermis of Sowers or leaves, shows a specific difference from surrounding 
cells; or they may occur at earlier stages, in which case all the descendants 
of the mutated cell may, under certain conditions, exhibit the cHanged 
condition and thus produce sectors of greater or smaller size which differ 
from the rest of the individual. In Delphinium, Demerec has found that 
somatic mutation in flower color occurs at very early stages and at the 
latest stages of development of the flower with higher frequency than 
in intervening stages (Fig. 108). Mutations in cells ancestral to the 
gametes may affect from one to many gametes, but judging from the 
manner in which new germinab mutations first appear, the change seems 
more "often to occur ' (or To be preserved) during the maturation process 
itself. Many mutants have appeared as single aberrant individuals, as 
though one gamete contained a changed gene. When the new gene is 
dominant, or where it is recessive but not hidden by a dominant allele, 
as in the sex chromosome of the male Drosophila, it is noted immediately. 
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In such cases it can be traced to a single changed gamete. Bridges has 
found that about half of the mutations in the X chromosome of Droso- 
phila have appeared first in single males and the other half in siiigie 
heterozygous females. In the snapdragon the dominant gene mutation 
Crispa with short, curled leaves has arisen 39 different times, in each case 
in only one or a few progeny of a normal plant. The parent plant itself 
has never shown any evidence of the Crispa gene, so that only one or a 
few of the cells during or just preceding maturation were affected. All 
these Crispa mutants were heterozygous for the normal gene, showing 
that only one gene of the pair had mutated. 

Recessive gene mutations have frequently appeared for the first 
time in one-fourth of the progeny of an inbred pair, showing that both 



Fig. lOS. — Flowers of Delphinium showing somatic mutations from rose to purple. Large 
areas result from early mutation, small ones from later mutation. {From Demerec.) 


parents were heterozygous for the new gene and that the mutation had 
occurred in a common ancestor. Under outbreeding or crossbreeding 
the recessive may remain hidden for many generations until a mating of 
two heterozygotes occurs. 

Recessive Nature of Most Gene Mutations. — One characteristic of 
new gene mutations is that they are generally recessive to the wild type 
or to the condition from which they arose. In the several species of 
Drosophila relatively few dominants have been found, and this holds 
for other animals, for example rodents, and for plants such as maize, 
snapdragon, and barley, in which many gene mutations have been 
observed. Several mutations which appeared at first to be due to domi- 
nant genes have been shown to be actually deficiencies (such as Notch 
in D. melanogaster) which are usually lethal. The fact that most of the 
dominants of Drosophila are also lethal when homozygous may mean 
that some of them are also deficiencies, but it may also mean, as Muller 
has pointed out, that lethal mutations are frequent and that, when one 
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happens to produce also a visible effect on some external character of the 
hetero^ygote, it will be selected by the experimenter and kept as a 
mutant. Dominance of visible effect may thus offer the opportunity for 
detecting one of the numerous class of lethals, and this rather than a 
necessary physiological correlation of dominance with lethal action may 
explain the greater frequency with which lethals have been noted in 
cultures. 

There have been found, however, a sufficient number of mutations 
which are at once partially dominant to the normal type and not lethal 
to indicate that gene mutations do not occur exclusively in one direction, 
that is, from normal or wild-type gene to recessive allele. The fact 
remains that most new mutants are recessive to the wild type. R. A. 
Fisher has suggested that this is due not to a preferred direction of 
mutation itself but to a peculiarity of the wild type, by which it has 
acquired, through long exposure to natural selection, a genetic con- 
stitution which favors the dominance of wild-type genes. 

THE mBirCTION OF MUTATIONS 

Most of the above statements are derived from observations of 
spontaneous or naturally occurring mutations, and indeed until 1927 
no other good means of studying the mutation process w^’as available. 
In that year, however, Muller reported that by use of new methods the 
rate of mutation in Drosophila could be accurately measured and that 
this rate could be enormously increased by subjecting organisms to 
treatment with X rays. Shortly thereafter Stadler showed that treat- 
ment with X rays and radium causes large increases in mutation fre- 
quency in maize, barley, and wheat. 

Methods. — The investigation of mutation in Drosophila, the most 
favorable animal for this purpose, has depended upon the development 
of special genetic methods. In the first place, mutations occur with 
rather low frequency even after radiation, and it is necessary to be able 
to deal with very large numbers of individuals in order to establish 
significant differences in mutation rate. Secondly, most mutations are 
lethal, and to detect these a method is needed by which each new lethal 
that occurs shall produce a change in results of such a striking character 
that it cannot escape observation, such as the presence or absence of 
one whole class of individuals in a population. Finally, the possibility 
that mutational changes had occurred prior to the treatment and had 
been retained in the stock must be excluded. The following methods 
devised by Muller meet these requirements. 

Detection of Lethal Mutations, The CIB Method (Fig. 109). — This 
method is designed to detect new lethal mutations occurring in the X 
chromosome of Drosophila. It depends on the presence in one of the 
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X chromosomes of a female of a known lethal gene, I, which will kill 
that half of the male progeny that receives this X chromosome, since 
these receive no normal allele in the Y chromosome from the father. 
In this chromosome is a factor, C (a general symbol for a crossover sup- 
pressor, probably an inversion, p. 234), which prevents crossing over in 
the X, thus insuring that this chromosome will not lose its lethal by 
crossing over; and a dominant gene, in this case B (Bar eye), to mark 
this chromosome and identify the offspring that receive it. 

In practice a male is treated with X rays, radium, or other agents 
and crossed with a CIB female. From the offspring of this cross the 
Bar females are selected (since these must contain the CIB chromosome 
and the treated chromosome) and crossed with a wild-type male. Such 
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Fig. 109.- — The CIB method for detecting lethal mutation in the X chromosome in 

Drosophila. 


a cross will normally produce Bar and not-Bar daughters; half the sons 
will die because of the CIB lethal, and if a lethal mutation has occurred 
in the treated X chromqsomej the other half of the sons will also die. The 
experimenter is thus required only to distinguish between progenies that 
contain a ratio of 2 females: 1 male and those that contain no males at all. 
Each progeny of the latter sort indicates one new sex-linked lethal 
mutation in the Fi female tested. In this method the culture rather 
than the fly becomes the unit of the experiment and large numbers of 
observations can be quickly and accurately made. It may also be used 
for the detection of semilethal and visible mutations by examination of 
the surviving F 2 males. 

With a method of this sort and using two treatments of X rays 
differing only in time of exposure (^2 for 24 minutes, for 48 minutes), 
Muller obtained the following results: 
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Table XXIV 


Treatment 

No. of fertile 
F 2 cultures 

New mutations 

Lethals 

Semi 

lethals 

Visibles 

Untreated 

198 

0 

0 

0 

X ray (2 

676 

49 

4 

r 1 + 

X ray ti 

772 

89 

12 

! 3 + 

1 


Thus a total of at least 138 new lethal mutations occurred following 
X radiation of the grandfather. A few visible mutations, t.e., external 
changes shown to be due to mutation, were also observed incidentally, 
but their frequency was not accurately measured in this experiment. 
The frequency of mutation varied with the X~ray dosage, those treated 
for 48 minutes producing nearly twice as many mutations as those treated 
24 minutes. 

In a similar experiment in which the effects of radiation on either of 
the grandparents was measured, the following results were obtained: 


Table XXV 


Treatment 

No. of fertile 
F 2 cultures 

Lethal 

mutations 

Visible 

mutations 

X ray — ti. 

783 

91 

37 

Untreated 

947 

1 

0 




Whereas the untreated controls showed about .1 per cent of sex-linked 
mutations, the X-rayed cultures produced about 16 per cent, or an 
increase of some 150-fold due to the radiation. 

Detection of Visible Mutations. The /ittached-X^’ Method (Fig. 110). 
Another method has been devised especially for the detection of visible 
mutations in the X chromosome of Drosophila. This utilized the peculiar 
stock discovered by L. V, Morgan in which the X chromosomes show 
100 per cent nondisjunction in the female and in which it has been shown 
cytologically that the females contain two X chromosomes attached to 
each other and in addition a Y chromosome ( Chap. VII). When crossed 
with normal males, the daughters (XXY) receive their X chromovsome 
from the mother and the Y chromosome from the father, while the sons 
get their Y chromosome from the mother and their X from the — 
Just the reverse of the usual method. This obviously provides the 
opportunity for any new recessive mutation arising in the X chromosome 
of the father to appear immediately in the sonst 
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In practice, the X chromosomes of both parents are “marked” 
by recessive genes, for example, y = yellow body in both maternal 
X’s, m = minature wing in the paternal X. The Pi males are radiated 
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Fig. 110. — The “attached-X” method for detecting visible (and lethal) mutations in the 
X chromosome in Drosophilia. 

and bred to attached-X females. All sons exhibit directly the effects 
of new sex-linked genes which have arisen as a result of the treatment of 
the father. The result of one such experiment is shown below. 

Table XXVI 


Treatment 

Total Fi 

Visible 

mutants 

Pi cf X-rayed U 

1,490 

1,150 

61 

Pi cf* X-rayed 

86 



It was soon found that various kinds of short-wave radiations (ultra- 
violet, radium, hard and soft rays) were also effective in inducing muta- 
tion, and later heat and certain chemical substances gave positive, 
though much less striking, results. Not only germinal mutations but 
also somatic mutations have been obtained by treatment of larvae. 

Induced Mutations in Plants. — The same types of change have been 
brought about in plants by the application of various stimuli. The 
clearest evidence is that which Stadler has obtained from the irradiation 
of baiiey and maize. In the former plant new gene mutations have 
been produced in such high frequency that it has been possible to make 
quantitative studies of the nature of the effects produced, by varying 
the time and intensity of the treatment and applying it to different stages 
of the life cycle and under different conditions. 
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Gene Mutations in Barley . — Barley provides good material for 
studying the effect of radiation on mutation frequency since, when 
planted at sufficient distance, each plant produces several tillers and 
each tiller bears a terminal flower and seeds. Each tiller arises from a 
separate primordium in the seed, and a mutation occurring in one 
primordium affects only a single head; if the mutation is recessive, its 
effects will appear only when the gametes produced by this head unite 
in self-fertilization and produce another generation of plants. In prac- 

Mu+c<f tons in barley 
induced by x-rays 



Fig. 111.— Method for testing the effect of X rays on the induction of mutations in barley. 

(From Stadler.) 


tice, normal barley seeds in which primordia have separated are irradi- 
ated and planted, and the self-fertilized seeds on each head of the resulting 
plant are harvested and planted separately. 

If a recessive mutation has occurred in the cell from which the entire 
head is derived, all cells in this head will be heterozygous for it, and about 
one-fourth of the seedlings produced by self-fertilization will show it. 
If, as often happens, only part of the head is derived from the cell in 
which the mutation occurred, less than one-fourth of the offspring will 
show the change. Other head progenies from the same parent plant 
will all be normal, proving that the mutation had not occurred prior to 
the treatment, for then it should appear in the offspring of all the heads. 
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The correctness of these assumptions can be tested in later generations, 
for in the progeny of a head that segregates three-fourths normal to one- 
fourth mutant, two-thirds of the normal individuals should be heterozy- 
gous for the mutation and should segregate for it when self-fertilized. 
This was found to be the case (Fig. 111). Since observations have been 
confined chiefly to seedling characters, it has been possible to observe 
large numbers of head progenies. In experiments of this type some 


■Induced mutation in barley. Right, normal barley plant; left, “vino,” a mutant 
which arose after application of X rays. {From Stadler.) 


800 seedling mutations were recorded. Most of them affect chlorophyll 
characters (albinism, striping, etc.), although many other kinds of 
mutants have been found (Fig. 112). 

In general, these new mutant characters are similar to those that 
appear in barley under natural conditions, but they are much more fre- 
quent in the progeny of irradiated seeds. 

T3?pes of Changes Produced. — The “mutations'^ obtained from 
plants and animals treated mth X rays include all the types of variations 
that have been found to occur spontaneously. The Icthals obtained 
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from the CIB method in Drosophila prove on subsequent breeding tests 
to consist of deficiencies, translocations, inversions, and point mutations. 
Haploid, heteroploid, and polyploid types have also been obtained in large 
numbers, chiefly in plants. In Drosophila, these mutants may be 

X-Rotys 

ah A "iB 



dies dies 

Fig. 113. — Method for the detection of induced translocation. At upper left, normal 
female with genes a and b in different chromosomes. When crossed with AaBh male 
containing translocation between these chromosomes (due to previous treatment with 
X rays), two of the four expected classes {Ab and aJ5) die, so that there appears to be com- 
plete linkage between A and B* {From Dobzhanaky^ 1936.) 

analyzed by the usual breeding methods (Fig. 113); or more rapid and 
reliable results may now be obtained by examining the salivary gland 
chromosomes of larvae from a treated parent. Most of the visible 
changes have been found to be recessive point mutations, although some 
dominants have appeared, just as in spontaneous mutation. 
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Oliver has studied the frequency, among the lethals obtained by 
radiation in Drosophila melanogaster, of sex-linked lethals and chromo- 
somal rearrangements. The results of one experiment are shown in 
Table XXVIL 


Table XXVII.— (A/ter Oliver) 


Dosage 

Percentage of lethal 
mutations 

Percentage of chromo- 
some rearrangements 

^16 

16.09 

5 . 52 

c \ 

9.87 

2.43 

c 

4.90 

.35 


3.23 

.40 


1.42 

.075 

Control 

1 

.24 

i 



Only those chromosomal changes were detected which caused a large ^ 
change in linkage and crossing over (inversions and translocations), but’ 
it is certain that the same agency brought about both point mutations 
and chromosome changes. 

Although many induced lethal changes have been found to be defi- 
ciences, it is certain that not all of them represent loss of genic material. 
Mutations have been induced both from the wild-type allele to a new 
mutant allele, and from mutant to wild type (reverse mutation). In a 
few cases a recessive mutant obtained by irradiation has been bred pure, 
then radiated, and reverse mutation to wild-type observed. As Muller 
has aptly said of this experiment, if the first treatment punched some- 
thing out of the chromosome, then the same treatment reapplied punched 
it in again. It is thus true of induced, as of spontaneous gene, mutations 
that they do not occur exclusively in one direction and therefore cannot 
be interpreted simply as losses of gene material. 

In plants also all the types of changes have been found. Stadler has 
used special methods by which the frequency of induced deficiencies can 
be measured in maize. These were made possible by the careful mapping 
of the chromosomes carried out cooperatively by numerous investigators. 

When a maize plant with a number of recessive mutant genes con- 
trolling endosperm characters is used as the female parent in crosses 
with a male carrying the dominant alleles of these, the characters of the 
male parent are ordinarily transmitted intact through the pollen, and 
the progeny show only the dominant characters. When the pollen of 
such a male parent is irradiated and then placed on the silks of such a 
recessive female, the seeds that develop are frequently defective in various 
ways, and many of them show the recessive endosperm characters, indicat- 
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ing that the dominant alleles in the pollen have been deleted or inacti- 
vated by the treatment. 

When linked genes in the same chromosome are used, it is found that 
several neighboring alleles usually disappear from the pollen at the same 
time, indicating that a sectional deficiency has been brought about by 
the irradiation (Fig. 114). Thus when ac, sh, wx (white, shrunken, 


Pig. 114, — Deficiencies induced by irradiated pollen. An ear from a plant pure for 
recessive genes a, pr, su affecting endosperm characters pollinated by irradiated pollen 
bearing the dominant alleles of these genes, A, Pr, Su. Colorless (a, pr) and sugary 
(sti) seeds show absence (deficiency) of dominant alleles from irradiated pollen. {From 
Stadler.) 


waxy) ear is pollinated with X-rayed C, Sh^ Wx (colored, full, starchy) 
pollen, many of the seeds are colorless, indicating absence of the C gene, 
but the majority of these are also shrunken and W'axy. When C dis- 
appears from the pollen, sh and wx usually disappear also. This means 
that a rather long section of chromosome VII (Fig. 89, p. 238) is deficient. 
Deficiencies induced in ripe pollen do not seem to be lethal to the pollen 


Fig. 115. — Chromosome abnormalities induced by irradiation in maize. Stages 
in microsporogenesis showing ring formation and lagging chromosomes in the mutant 
“semisterile.” {From Randolph.) 


tube or generative nuclei, although those present before maturation are 
lethal to the gametophyte and are not transmitted through the pollen. 
Many other types of chromosome changes have been thus produced in 
maize, and some of these have been demonstrated by cytological methods 
(Fig. 115). 

Recently Stadler and collaborators have treated maize pollen with 
ultraviolet light, using filters to obtain monochromatic light of specific 
wave lengths. The pollen was then used to fertilize ovules containing a 
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number of recessive genes for endosperm characters. Ultraviolet light 
greatly increased the frequency of point mutations and deficiencies a,nd 

of a type of change,, found only_^^'^ such treatment,,,iii which only a 

part of the endosperm of the resulting seed is changed; but the rate of 
occurrence of translocations was not increased. Certain wave lengths 
■were found to produce prevailingly one type of change, indicating a 
specific relationship between the type of mutation and the part of the 
spectrum from which the energy was introduced. 

Analysis of the Effect of Radiation on Mutation. — The application of 
quantitative methods to the study of mutations following irradiation has 



Fig. 116. — -The proportionality bet-ween the frequency of sex-linked mutations and the 
radiation dosages applied, in Drosophila melanogaster, {After Timofeeff-Bessovsky.) 

3 delded several significant results. The clearest of these is that mutation 
frequency is directly proportional to the amount of energy applied. This 
is illustrated for Drosophila by the results of various workers shown in Fig. 
116. Intensity of radiation was measured by its ionization effect on air. 
The results show clearly that the greater the quantity of radiant energy 
reaching the flies the greater the percentage of mutations induced. 
Similar demonstrations have been given by Stadler for gene mutations 
in barley and for induced deficiencies in maize. 

This proportionality has been shown to apply also to the changes 
induced at a single locus, as for example the mutations induced at the 
white locus. ^ ^ - 

The proportionality relationship has been interpreted to mean that 
the induced mutations are due to direct hits of electrons in the gene and 
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chromosome materials, the greater the number of hits, the greater the 
likelihood of an induced change. This may be the case, but it should not 
be forgotten that not only are the mutabilities of different loci not equal, 
but as Demerec (1937) has recently shown, genetic factors (genes stimu- 
lating mutability) affect the surroundings of the genes in such a way as to 
affect the general mutability rate. Some effects on mutability may thus 
occur through less direct channels. 

The frequency of induced gene mutations may also depend upon the 
number of times the normal or wild-type genes are represented in the 
genotype. Stadler found that polyploid species, subjected to the same 
treatments, yield many fewer gene mutations than related species with 
fewer chromosomes. Thus cultivated species of wheat and oats with 21 
pairs of chromosomes gave only about a hundredth as many mutations 
as common barley, which has only 7 pairs. But when 7-chromosome 
species of wheat and oats were treated, they showed a mutation rate 
about as high as that of barley, while a 14-chromosome species of wheat 
was intermediate in mutation rate between the 7- and 21-chromosome 
species. On the assumption that the 14-chromosome species of wheat, 
for example, have evolved from the 7-chromosome species by duplication 
of the whole chromosome complement, then any recessive mutation in 
only 1 of a set of 4 chromosomes would be unlikely to produce any effect, 
since it would be masked or hidden by the unmutated wild-type genes 
at the same locus in the other pair of ^duplicate chromosomes. 

Thus in a 7-chromosome type a wild-type gene Ri would be repre- 
sented in each of a pair of chromosomes; in a 14-chromosome type it 
would be represented four times; and in a 21-chromosome type, six 
times. Mutation would affect these loci as follows: 


Number of 
chromosome pairs 

Genetic formula 
for a wild-type 
gene 

Mutation 

R -~^ r 

Segregation of rr 

7 

RiRi 

RlTl 

3i?:lr 

14 

R 1 R 1 R 0 R 2 

RiTiR^Ri 

AllE 

21 i 

R 1 R 1 R 2 R 2 RZRZ 

RiTiRiR^RzRz 

All R 


A new visible mutation in the 14-chromosome type would appear only 
if two mutations occur, that is, Ri — Ti and Eg — n, to produce the type 
Tirir 2 r 2 , which as we have seen is a condition required for the appearance 
of the full recessive type in the case of duplicate genes (p. 105). This 
coincidence of two rare events would be very rare in nature, and in the 
21-chromosome type its frequency would be almost negligibly low. 
Polyploidy may not introduce any barrier to the occurrence of gene 
mutations, but it tends to prevent their appearance. The facts that 
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Stadler has obtained by irradiation thus support the interpretation of 
the origin of polyploid forms by duplication of chromosomes. 

Theoretical Contributions of Radiation Genetics. — The increase in 
mutation rate obtained through radiation methods has provided a 
valuable technique for the quantitative study of mutation and of many 
problems of genetics. Although it has not led to the formulation of new 
principles, it has provided such a wealth of new mutants and of chromo- 
some changes that it has been possible, for example, firmly to establish 
the linear order of the genes as both a genetic and cytological fact, 
through the comparison of the maps based on crossing over and on gonial 
and salivary chromosomes broken by X radiation at specific points; 
to elucidate further the relation of chromosome rearrangements to lethal 
and to visible effects (position effects); and in many other ways has 
confirmed and extended the principles and increased the speed of dis- 
covery concerning the mechanism of hereditary transmission. 

The results as they relate specifically to the mechanism of the effect 
and its application have been recently reviewed by Timofeeff-Ressovsky. 
The student may consult his book. Here it need only be emphasized 
that the radiation work of the last decade has already shown that the 
physical basis of heredity, which is ordinarily fairly stable, may be 
changed to new stable conditions by introduction of energy from outside 
the living system and that the changes induced are in many respects 
similar to those that arise spontaneously. This has, of course, raised the 
question as to whether natural radiation is the cause of the mutations 
that occur in nature. Some calculations of Muller and Mott-Smith 
seem to indicate that the amount of natural earth radiation is insufficient 
to account for the frequency of natural mutations. 
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PROBLEMS 

356. Most mutations are thought to be harmful rather than helpful to the 
organism in which they appear. Why? 

367. What difference will there be in the way in wdiich dominant muta- 
tions and recessive mutations^ occurring in gametogenesis, come to expression 
phenotypically? 

368. In studying the origin of gene mutations, is it easier to use dominant or 
recessive mutations? Explain. 

369. From an examination of the chromosome maps of Drosophila do you 
think that mutations are equally likely to occur in all regions of the chromosome? 

360. What suggestion can you make as to the reason for the high mutability 
of some loci as compared with others? 

361. Why is it to be expected that gene mutations should occur more fre- 
quently at or Just before the formation of gametes than at any other time? 

362. Assuming an equal frequency of gene mutation, 'will sporoph^^ic or 
ganietophytic tissue foe more variable, phenotypically? 
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363. It lias been suggested that so-called mutations are realiy the results of 
segregation from remote hybrid ancestry. Of what significance in this question 
is the fact that such variations are also found among the offspring of diploids 
which have had their origin through the (rarely occurring) self-fertilization of 
haploids? 

364. Gametic lethals are unknown in animals but pollen lethals are of 
common occurrence in plants. Explain. 

365. In the method of determining the appearance of a new lethal 

mutation in the sex chromosome, why is it that the presence of a new lethal in the 
chromosome from the irradiated male parent does not prove lethal to this female, 
since she already possesses one lethal in the other chromosome? 

366. In the “attached-X^^ method how would the results be affected if the 
attached X^s should break apart in the test female? 

367. How would you determine whether a case of variegation or spotting is 
due to gene mutation in somatic tissue or to a gene for variegation? 

368. It is claimed that some types of plants which are propagated vegetatively 
in time “run out’^ or fail to maintain their original character. To what might 
this change be due? 

369. If two apple trees of the same variety differ markedly in their yield, and 
buds taken from the better one consistently produce better yielding trees than 
buds taken from the poorer one, what conclusion would you draw? If buds 
taken from these two trees produce trees which are essentially similar in yield, 
what conclusion would you draw? 

370. There are persons with one brown eye and one blue one. Suggest an 
explanation. 


CHAPTER XIV 


ORIGIN OF HEREDITARY DIFFERENCES. II 
CHROMOSOME CHANGES 

The remaining type of heritable variations consist in departures 
from the normal number of the chromosomes, or from the normal arrange- 
ments of the genes within the chromosomes. Their physical basis 
has been ascertained during recent years through a coordinated applica- 
tion of cytological and geneticai methods. 

The species and varieties of animals and plants are characterized 
each by a certain number of chromosomes, and each chromosome is 
characterized by the possession of a definite series of gene loci arranged 
in a linear order. These two aspects of nuclear structure, chromosome 
number and gene arrangement, constitute the karyotype of the group, 
Just as the sum total of the particular genes of an individual is referred 
to collectively as its genotype. The constancy of the species or group 
characters is due to the stability with which both the genotype and the 
karyotype are transmitted in heredity. 

The sexual reproduction of most animals and plants takes place 
by means of the orderly reduction of the diploid chromosome number 
of the zygote to the haploid number of the gamete, and the general 
occurrence of Mendelian segregation, which is a by-product of this 
mechanism, shows that this is the usual or normal condition. The 
genotype, as we have seen, is subject to variation by gene mutation. 
In a like way the karyotype is subject to variation in the number and 
form of the chromosomes, and the spatial arrangement of the genes. 
The constancy of both genotype and karyotype is thus relative rather 
than absolute; departures take place within the framework of the normal 
methods of reproduction, and changes which do not disrupt the mecha- 
nism are transmitted by heredity. Whether they become incorporated 
in the genotype and karyotype of some part of the group depends upon 
the stability of the particular changed condition and upon the interaction 
of the new condition with the internal constitution and the environment 
of the changed individuals. 

Classification of Chromosome Changes. — -Among the many varia- 
tions in the karyotype, those which have been analyzed may be grouped 
under two main types, those which differ from the normal or ancestral 
mmher of the chromosomes, emd those that differ in the number or arrange- 
ment of the loci within the karyot3rpe. 
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I. Changes in the number of chromosomes, 

A. Changes involving entire sets; n = basic or monoploid number. 

1. (n); each chromosome represented singly, .a. 

2. Polyploidy; each chromosome represented by more than two homo- 

logues. Triploidy (3n); tetraploidy (4n); pentaploidy (5n), etc. An 
autopoly pioid is one derived by chromosome multiplication from a 
single diploid, so that the homologues come from the same source as in 
pure strains or homozygotes. An allopolyploid is one derived from a 
hybrid between two diploids, so that the homologues come from 
different sources. 


A B C D E F G H I 



ABCD EF'GHl 


ABCD EFG IHABCD EFGHl 



ABCD EFGHl ABCD EFGHl 


A B F E D C 6 H 1 ABFE DCGHl 



ABCD EFGHl ABFE DCGH l 


ABCD EHGFI ABCD EHGFl 



A B G D EFGHl A B C D E H G F I 


Fig. 117. — Classification of chromosome changes. A, normal chromosomes; B, 
deficiency; C, duplication, D, heterozygous translocation; E, homozygous translocation; 
F, heterozygous inversion; G', homozygous inversion. (From Dobzhansky.) 


B, Changes involving the numbers of chromosomes in a set (heieroploidy) . 

1. represent the loss of one chromosome from one set. Where 
this occurs in the diploid the chromosome complement is 2w — 1. 

2. Polysomics represent the addition of one or more chromosomes to one 

set. Tfisomic = 2n + 1, tetrasomiCj 2n -f- 2, etc. (More than one 
set may be affected: double trisomics = 2n + 1 + 1, etc.) 

IL Changes in the number or arrangement of gene loci within a chromosome 
(Fig.117). 
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A. In number. 

1. Deficiency or deletion — ^loss of one or more gene loci. 

2. iJif^lication — addition of one or more gene loci. 

B. In arrangement. 

1. Translocation. 

a. Reciprocal tranlocation or segmental interchange. Mutual exchange 
of parts between nonhomo]ogous chromosomes to form two new 
chromosomes, for example, left part of chromosome I with right 
part of II, and right part of I with left part of II, 
h. Simple translocation. Breaking away of a part of a chromosome and 
its attachment to another intact nonhomologous chromosome. 

2. Inversion. Within a chromosome, one section with its block of loci may 

be turned end for end, producing a new gene order; for example, a 
chromosome with loci in order A B C D E F G may become A B * E 
D C • F G (internal inversion), C B A • D E F G (terminal inversion) 
etc. 

CHANGES IN NUMBER OF CHROMOSOMES 

The classification of chromosome changes as given above is based 
on evidence both from breeding experiments and from cytological observa- 
tion which in most cases confirm each other. That this agreement 
between two types of evidence holds over so wide a range of departures 
from the normal, bears striking witness to the correctness and the useful- 
ness of the chromosome theory of heredity. It shows too that the order 
of the chromosome mechanism of meiosis, while relatively fixed, still 
permits the occurrence and preservation of many kinds of variants, 
and thus provides the opportunity for new chromosomes and new gene 
arrangements to evolve. In the further discussion, which follows, 
of these types of chromosomal changes, our interest will be centered 
on this latter question, that is, in how far does each of these types of 
change furnish the new hereditary variations upon which evolution 
must depend? 

Haploidy. — It sometimes happens that an egg with the haploid 
number of chromosomes develops without fertilization and produces 
an individual with a single (Iti) set of chromosomes. This happens 
normally in the reproduction of some animals (such as bees, wasps, 
certain moths, and rotifers), in which unfertilized eggs develop into 
haploid males. In some animals (as frogs) the egg may be artificially 
induced to develop parthenogenetically. Often in such cases the 
diploid number is restored by division of the chromosomes without 
division of the cell. Where this does not occur, such artificial haploids 
are likely to be weak and infertile. In lower plants one normal part 
of the life cycle (the gametophyte) is regularly haploid, while in higher 
plants this haploid generation is reduced to a few ceils (in pollen tube and 
embryo sac) which are unable to lead an independent existence. In 
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Fig. 118 .— Polypoid series in Datura. Above, haploid; in center, diploid; below, tetraploid. 

{From Blakedee,) 
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such plants, however, an unfertilized egg cell may occasionally produce a 
haploid sporophyte such as the Datura plant showiiinFig. 118. Haploids 
have been fotuid in several species, for example, Datura, Nicotiana, wheat, 
tomato. In each case the haploid plant showed close resemblance to 
the diploid parent type except for smaller size, lack of vigor, and rarity 
of viable gametes. In Datura the haploid, in the rare cases when self- 
fertilization occurs, produces only normal diploid offspring, showing 
that the few viable gametes must contain the normal haploid set of 
chromosomes. These are probably produced by direct division without 
reduction. Haploids are of interest in that they cannot be heterozygous, 
so that pure types are obtained immediately when a complex heter- 
ozygote passes through one such haploid generation. This method may 
be consciously employed to obtain genetically pure material. Haploids 
may be induced by cold, radiation, or other external changes, but because^' 
of their rarity and infertility the haploid forms probably play little part 
in adding to the supply of new natural variations. 

Polyploidy. — Much more common than haploids are modifications 
of chromosome number in the direction of an increase over that of the 
diploid, with the formation of polyploids of various degrees. Among 
these are tetraploids, in which the diploid complement is doubled, each 
chromosome being represented by a set of four in the body cells and two 
in the gametes. Triploids, where each set consists of three homologous 
chromosomes, commonly arise from crosses between diploid and tetra- 
ploid. Higher members of the series, such as hexaploids and octaploids, 
are less common, and the increase in number of chromosome sets seems 
definitely limited. 

Polyploids produced by multiplication of the basic (n) chromosome 
number characteristic of a given race are known as autopolyploids; 
where they arise from fusion of gametes having more than the haploid 
number but coming from different genetic origins, they are known as 
allopolyploids. 

Tetraploids. — The sudden origin of the tetraploid (4?'0 condition 
from the diploid (2n) has been observed frequently under experimental 
conditions in plants, and the existence of tetraploid and diploid races 
of the same species indicates that the chromosome changes resulting in 
polyploidy occur frequently in nature (Pig. 118). Tetraploids arise 
by the doubling of the whole chromosome set. This has been shown to 
occur in several ways. 

Autotetraploids . — ^ Within a species a nuclear division unaccompanied 
by a ceil division results in a cell with a double number of chromosomes, 
all containing similar genes. Flowers born on branches descended from 
such cells produce 2n gametes which, if they unite with similar 2n 
gametes, perpetuate the tetraploid condition through sexual reproduc- 
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tion. Such aiitotetraploidy in vegetable cells may occur spontaneously; 
or it may also be induced by cold treatment, as Belling and Blakeslee 
have shown in Datura; from adventitious buds arising at grafts or after 
decapitation as in tomatoes (Solanum lycopersicum) or in nightshade 
(S. nigrum) and by chemical treatments. 

An especially simple and effective method of inducing polyploids 
has recently been developed through use of the alkaloid colchicine. 
Weak solutions of this substance are applied to buds by immersion, 
and spraying, or in agar or lanolin; or to seeds by soaking. In 
treated material a high proportion of dividing cells fail to carry division 
through to completion, the chromosomes dividing but the new cell wall 
failing to appear. Such cells are thus tetraploid, and often give rise to 
pure tetraploid branches. Polyploids of higher order may be produced 
in the same way. This treatment has proved effective in a wide variety 
of plants and with the eggs of certain animals. 

Autotetraploids usually (though not invariably) differ from their 
ancestral diploids in a number of characters, especially ' greater stature 
of stem and size of leaves and flowers (^^gigas’^ type), these being due 
to the increased size of their cells. Other structural differences involve 
the shape of various organs, as of the leaves and capsule of Datura 
and the fruits of cucurbits. Autotetraploids are often phenotypically 
different from diploids in less concentrated cell sap, slower growth, and 
greater hardiness. 

Von Wettstein has recently reported a case in mosses (Bryum) where 
an autotetraploid (2n gametophyte, 4n sporophyte) showed gigas char- 
acters (Fig. 119) and almost complete sterility at first but, during the 
course of eleven years of vegetative propagation, became reduced to the 
normal size as to body and cells and grew almost fully fertile (Fig. 119) 
right). 

The reproduction of autotetraploids may be almost normal. The 
tetraploid Datura produces viable gametes with 2n chromosomes (24) 
and a few with irregular numbers. These regular gametes result from 
the reduction of the 48 chromosomes by the formation of 12 groups of 
four chromosomes each (quadrivalents) and the passage of two homo- 
logues to each gamete. This is apparently a random process as shown 
by the segregation of two genes in tetraploid Datura. A purple-flowered 
tetraploid (PPPP) crossed with a white-flowered tetraploid (pppp) 
gives purple in Fi, and an F 2 ratio of 35 purple to one white, from which 
it has been inferred that the gametes formed by the Fi{PPpp) were IPP: 
4Pp:lpp, the result expected from random assortment. Crane and 
Darlington have pointed out that such random segregation of chromatids 
is to be expected on the chiasma-type theory of crossing over only when 
there is the maximum (50 per cent) of crossing over between the gene 
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studied and the spindle-fiber attachment. The random segregation 
found in Datura may thus be exceptional; according to Darlington 
a higher proportion of recessives may be expected in cases where less 
than 50 per cent of crossing over occurs between gene and spindle 
attachment. 

Although the fertility of aiitotetraploids is generally somewhat 
redii(‘ed by the formation of gametes with abnormal chromosome niim- 



Cae Cae^ Corr Corr^ 

Fig. 119. — ^Leaves (above) and paraphyses (below) of In (Cae) and (Cae^) oi Bryum. 
caespiticium; and of In (Corr) and,2n (Corr*-) of B. CorrensiL (Fromiim Wettatein.) 

bers, some may reproduce normally enough to become established as 
new types. But a single tetraploid arising in a dioecious plant or in 
bisexual animals would have little chance of perpetuating its kind since 
its diploid gametes would meet in general only the haploid gametes 
of the normal population and produce not tetraploids but a new Zn 
or triploid type. Mtintzing has reviewed the literature on autopoly- 
' ploids and further details wilh be found in his paper. 

A ds.—AlIotetraploids commonly originate in a hybrid 

between two plant species or genera where the chromosome set con- 
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tributed by each parent undergoes doubling and produces in the hybrid 
a chromosome number which is the sum of the diploid numbers of the 
two parent forms. Such a type is sometimes referred to as an ampM- 
diploid. An example will make this clear. Karpechenko (1928) crossed 
the radish Raphanus sativus (2n = 18), with the cabbage, Brassica 



18 B 
D 


Fig, 120. — Pods and somatic chromosomes (R, Raphanus; B, Brassica) of radish 
(Raphanus) A, cabbage (Brassica) D, their diploid hybrid R, and their allotetrapioid 
hybrid C. (After Karpechenko.) 

oleracea (2n = 18), (Fig. 120). The Fi hybrids had 18 chromosomes, 

9 from the radish and 9 from the cabbage. These hybrids were nearly 
sterile but under favorable conditions some Fi plants produced a few 
seeds. Some of the F 2 plants resembled the hybrid, others were inter- 
mediate between it and the radish parent. Those which resembled 
the Fi were found to have 36 chromosomes, the sum of the chromosome 
numbers of the two parent species. They were thus tetraploid hybrids . 
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and proved not only to unite certain characters from both parents but 
to be fully fertile and to breed true to the hybrid and tetraploid characters. 

A study of the meiotic divisions of the Fi hybrids showed that pairing 
of radish and cabbage chromosomes did not occur and the 18 univalents 
were generally distributed at random to the gametes, each of which 
received from 6 to 12 chromosomes and were not functional. Occa- 
sionally, however, in pollen mother cells the first meiotic division was 
abnormal, resulting in nuclei with all 18 chromosomes, so that a few pollen 
grains formed from these contained 9 radish and 9 cabbage chromosomes. 

Since the F 2 tetraploids had 36 chromosomes it is probable that 
these arose through union of such exceptional Fi gametes so that the 
tetraploid had 18 radish and 18 cabbage chromosomes. Meiosis in the 
tetraploid was regular and normal; 18 pairs of chromosomes were formed. 
Undoubtedly the 9 cabbage chromosomes paired with their 9 cabbage 
homologues, and the 9 radish chromosomes paired with their homologues 
from the same parent species (autosyndesis). The gametes of the tetra- 
ploid thus each transmitted 9 cabbage and 9 radish chromosomes and 
perpetuated a new set of characters in a fertile intergeneric hybrid, 
breeding true to its own type and infertile with both parents, thus con- 
stituting essentially a new species. 

Allotetraploids have occurred frequently in experimental material 
among plants and their occurrence in nature is highly probable. The 
doubling of the chromosome number has occurred in a variety of ways, 
as reviewed by Darlington and Dobzhansky. Since chromosome 
doubling may lead to the establishment of a new fertile type from a 
sterile hybrid, this kind of chromosome change is undoubtedly one of the 
important mechanisms by which new’ species of plants may originate. 

Animal Polyploids . — Among animals polyploid series and experimental 
polyploids are much less frequent than in plants. As has been pointed 
out above this is probably due to the separation of the sexes in most 
animals, and to the sexual unbalance and sterility that is likely to result 
from changed ratios of autosomes and sex chromosomes (p. 263). 
Under parthenogenetic or asexual reproduction this bar to the reproduc- 
tion of polyploids is less likely to operate, and of the few cases known 
in animals, two occur in connection with parthenogenesis (in the sow bug 
Trichoniscus and in the shrimp, Artemia salina). In the case of Dro- 
sophila where haploid, diploid, triploid, and tetraploid forms have been 
found, these are normal only when the ratio of X chromosomes to 
autosomes remains 1:1 (female) or 1:2 (male). Other ratios result in 
abnormality or sterility, and these are likely to occur when polyploidy 
is superimposed upon the X-Y mechanism. 

Heteropioidy.-^Some of the mutant forms which have appeared 
sporadically in Datura, Oenothera, Drosophila, and several other care- 
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fully studied genera have been shown to owe their peculiarities to 
departures from the normal number of chromosomes, by which one 
(or rarely two) chromosomes have been added to, or subtracted from, 



Fig. 121. — Normal (left) and haplo-IV individuals of Drosophila melanogaster. Their 
respective chromosome groups are shown at the right of each. {From Bridges.) 


the usual diploid complement. These cases have been most thoroughly 
investigated in Datura and Drosophila, and our brief account will be 
confined to these genera. It is characteristic of such heteroploid forms 
(2?^ + 1, 2n — 1, etc.) that they 
appear sporadically but with greater 
frequency from triploids and from 
stocks in which nondisjunction is of 
frequent occurrence; that they show 
numerous and generally slight de- 
partures from the wild type in many 
characters; and that they never 
breed true and are of lower fertility 
than normal diploids so that they 
probably do not become established 
as new types in nature. The trans- 
mission of mutant genes also follows 
a different course in heteroploids 
from that with which we have be- 
come familiar in diploid inheritance. 

The case of haplo-IV in Drosophila 
is illustrated in Fig. 121. 

Triplo-IV Drosophih.— From (Sn) females there appear 

frequently mutant forms with very slight departures from the wild type 
but in the opposite direction from those occurring in haplo-IV. Such 
flies have narrow pointed wings, coarse bristles and smooth eyes (Fig. 



Fig. 122. — Triplo-IV 
Drosophila melanogaster. 
some group is at the 
Bridges.) 


individual of 
Its chromo- 
right. (From 
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122). Crossed to flies with a IV chromosome recessive, for example, 
eyeless, the mutants produce mutant flies like themselves and wild-type 
flies in about equal numbers. Fi mutants backcrossed to eyeless give 
a regular trisomic ratio of five wild type to one eyeless. On cytological 
examination the mutants prove to have three IV chromosomes. Such 
heteroploids are known as extra-chromosome, or 2/1 -f 1, types; or they 
may be said to be irisomics, that is, having three chromosomes instead of 
two in one set. 

Similar changes have affected the X chromosomes in Drosophila 
since haplo-X individuals (without a Y) have been found, always as 
sterile males; while triplo-X flies occasionally survive and are super- 
females (see Chap. XI). Flies with one less or one more of the other 
chromosomes probably are not viable. 

Datura Heteroploids. Primary Mutants . — The most complete series 
of extra-chromosome mutants has been discovered and intensively 
studied in the Jimson weed by Blakeslee, Belling, and their collaborators. 
The normal Jimson weed has twelve pairs of chromosomes. In breeding 
experiments, .12 mutant types have arisen, each of which has a typical 
set of plant characters which deviates from the wild type in numerous 
specific ways (Fig. 123). Each of these 12 so-called primary types has 
an extra chromosome in one of the 12 sets, and it is a different chromosome 
which has become doubled in each of the 12 mutant types. Thus the 
type known as Poinsettia was found always to be associated with an 
extra chromosome in the set which contains the genes for purple and 
white flowers. 

When any one of these 12 primary 2n + 1 types is crossed with 
normal, simple Mendelian ratios are not obtained. The mutant char- 
acters are transmitted as a group (through the eggs only) to certain of 
the offspring and do not separate and recombine, as would be expected 
if the different traits depended on separate genes. 

It is clear now that the complex of mutant characters is determined 
by the extra chromosome, \vhich gives th^^ an extra ^^dose^l of all of 

the genes contained in the duplicated chromosome. The presence of 
three instead of two of each kind of gene in one chromosome, acting in 
an individual in which genes in the other chromosomes are merely duplex, 
produces specific changes in many characters in accordance with the idea 
of genic balance. The irregular transmission of the complex of char- 
acters brought about by the extra chromosome is due to the inviability 
of any pollen which has either more or less than 12 normal chromosomes. 
Extra, chromosomes are thus not transmitted through the pollen but 
only through the egg cells. Thus the Poinsettia 2n + 1 form has an 
extra chromosome in the set' which contains the gene pair purple and 
white. If we let p stand for white and P for purple, the egg cells of a 
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“The seed capsules of primary heteroploid mutants in Datura. The extra 
chromosome in each is shown diagrammaticaliy. {From Blakeslee.) 
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purple Poinsettia of the genotype Ppp have been shown to be in the 
ratio of lP:2p 2Pp:lpp, while the only viable pollen grains are P 
and p in a ratio of one purple (P) to two white (p). Segregating ratios 
for purple and white are therefore distorted not only by the triple repre- 
sentation of a gene but by iiiviability of pollen grains with the extra 
chromosome. The same is true for trisomic inheritance in maize. 
Bixcept for this last peeularity, trisomic inheritance in Datura and maize 
follows the same course as in triplo-IV Drosophila. 

Heteroploidy of the 2n + 1 type has also been found in Oenothera, 
where seven primary types have been identified, each one probably cor- 
responding to a duplication of one of the seven haploid chromosomes. 

In Datura the analysis of heteroploidy has been carried much further. 
Primary mutants have been discovered not only in diploids, yielding 
2n + 1 types, but also in tetraploids (in + 1) and in haploids (In + 1). 
The changes in many of the plant characters shown by these primary 
mutants are much greater than those shown by the polyploid series 
In, 2n, 3n, 4n, since in the heteroploids the normal balance existing 
among the chromosomes is upset. If each of the chromosome sets 
possesses a specific complement of genes, characteristic of this chromo- 
some and different from that of any of the other sets (an assumption 
entirely in accord with the known facts), then the addition of one member 
to a given set will increase the influence of this set on the development of 
the individual; and a study of the characteristics of the primary mutants 
thus produced may be expected to give some indication of the character of 
the genes in this particular chromosome. An extra chromosome of 
another set, if added to the normal diploid constitution, will tend to 
influence development in the direction characteristic of its own genes, 
which may be entirely different from the tendency given by the first 
chromosome. The balance may be shifted in this direction or in that, 
depending upon which chromosome or chromosomes are in excess. If 
each set possesses an extra chromosome, a triploid individual is produced 
in which the proportional influence of each set of chromosomes is the 
same as in the diploid and the balance is thus unchanged. Such 
individuals differ but little from normal diploids in appearance (Chap. 
XVI). 

Secondary Mutants —There can evidently be only as many primary 
heteroploid types as there are pairs of chromosomes. In Datura, how- 
ever, with 12 pairs, there are many more than 12 recognizably different 

+ 1 types, so that some of them must belong to a different category. 
Certain of these are termed secondary mutants. There are a number of 
differences between primary and secondary trisomics. Triploid plants, 
among the offspring of which forms mth extra chromosomes are numer- 
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ous, ordinarily produce only primaries and only as many of these as there 
are pairs of chromosomes. The primaries do not give rise to secondaries 
but secondaries often give rise to primaries, usually to specific ones, so 
that it is possible by this fact and by structural resemblances to relate 
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Fig. 124.— Capsules (above), chromosome configuration (in center) and chromosome 
diagrams (below) of a primary and its two secondaries in Datura. In center, the primary 
Rolled. At left, its secondary Sugarloaf. At right, its secondary Polycarpic. (After 
Blakeslee.) 


a secondary to a definite primary. Four of the primaries in Datura 
each have two secondaries (Fig. 124), the others only one or none. 
Where there are two, the primary is intermediate between them in most 
respects. Where a gene is carried in the trisome of a primary it shows 
characteristic trisomic inheritance, since it is present three times, but 
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in the secondary related to this primary it often gives normal disomic 
inheritance, suggesting that it is present only twice in the secondary. 
This led Belling to the hypothesis, now well substantiated, that the 
extra chromosome in a secondary contains one of the halves of the extra 
chromosome in the primary, but doubled. Cytological evidence supports 
this view, for the trisome of a primary at synapsis is usually either a chain 
of three or a pair with ^ the extra chromosome appended at one end 
whereas that of a secondary is a closed circle of three (Fig. 125). This 
is to be expected if similar parts of a chromosome attract one another at 
synapsis, as they seem to do. A doubled half could evidently inter- 
calate itself between the ends of a pair to form a circle but a normal third 
chromosome could not. This hypothesis explains satisfactorily the 
various differences in genetical and cytological behavior between primary 



Fig. 125. — Diagram of a trisome in Datura. In center, chromosome configuration of 
primary at synapsis. At left and right, those of its two secondaries. 


and secondary heteroploids in Datura and has been applied successfully 
to maize and other plants. The origin of a primary involves but a single 
step away from normal — the presence of an extra chromosome; the origin 
of a secondary involves an additional step — a modification of the character 
of this chromosome. 

Tertiary Mutants and Segmental Interchange . — In a third type of 
2n + 1 mutants, the tertiaries, the extra chromosome is made up of 
parts of two different chromosomes. Such a type was first described in 
Datura. Here the chromosomes in Line 1, the race first studied, are 
designated as 1 • 2, 3 * 4, 5 • 6 , and so on. The extra chromosome of the 
tertiary mutant seemed to resemble both chromosome 1 • 2 and chromo- 
some 17 • 18, for it often united these two at synapsis, one of its ends 
apparently attracting the 1 end of 1-2 and the other the 18 end of 
17 • 18. This particular extra chromosome appeared only among off- 
spring from a cross with another pure race, Line B, suggesting to Belling 
that in Line B there had been an interchange between chromosomes 1 • 2 
and 17 * 18 of Line 1, so that these now were 1 ‘ IS and 2 • 17, If this 
were the case, a hybrid between Line 1 and Line B should have all 
four of these chromosomes and should show at synapsis a circle of four 
chromosomes, thus : 
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1 • 2 2 • 17 

I 1 

1 • 18 18 • 17 

This is the condition actually found. The chromosomal situation in 
these two lines and in their hybrid is shown diagrammatically in Fig. 126. 

Segmental interchange evidently produces no alteration in the number 
or character of the genes and no external variation but changes only the 
distribution of the genes within the chromosome complement. The 
extent of the differences of this sort between two types and their dis- 
tribution among the chromosomes can be determined by studying the 
cytological configuration of Fi individuals resulting from crosses between 
the types. Where no segmental interchange has taken place, the reduc- 
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Fig. 126. — Diagrams of two pairs of chromosomes in two prime types in Datura, Line 1 and 
Line B, and (in center) of hybrid between them, showing ring formation. 


tion division will show 12 pairs of chromosomes (bivalents). In Line B, 
as compared with Line 1, there has been only one interchange, as described 
above, producing a ring of 4 chromosomes and 10 separate pairs. In 
crosses between two other diploid lines, a ring of 4 chromosomes and 
10 pairs is also found, indicating a single segmental interchange, but 
this can be shown to involve different chromosomes from the first. 
Between still others there are two rings of 4 chromosomes and 8 pairs. 
Such a result must have been brought about by two segmental inter- 
changes, involving two independent sets or pairs. Thus if 1 • 2 and 3-4 
showed an interchange to 1-3 and 2-4; and 5‘6 and 7' • 8 became 
5 • 7 and 6 ■ 8, two rings would be produced: 

1.2 — ■2'4 and 5-6 — 6 • 8 

I I 1 I 

1 . 3 _3 • 4 ■ 5 - 7— — - — 7-8 

More rarely the F, configuration shows a ring of six chromosomes, 
which can be explained by two segmental interchanges in three pairs of 
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chromosomes. Thus if one of the races is 1 • 2, 3 • 4, 5 • 6 and if 3 and 2 
interchange and 4 and 5 interchange, the other race may be 1 • 3, 2 * 5, 
4 ' 6, and the ring of six is: 


1 . 2 2 • 5 5 • 6 

I I 

1 . 3 3 . 4 4 . 6 


More rarely chains rather than rings appear in the Fi configuration, 
and these are explained as due to the inversion of a segment in its inter- 
change so that one end is turned inward and cannot become attached to 
the corresponding end in the other line. 

Pure races differing in the arrangement within them of chromosome 
segments, which are, of course, merely blocks of genes, are known in 
Datura as prime types. A number of these, widely distributed geo- 
graphically, have now been isolated. 

It should be noted that these prime types in Datura tend to maintain 
themselves unaltered due to the characteristic fashion in which the 
chromosomal components of the rings separate at reduction. In the 
ring of four formed by the Fi between Line 1 and Line B (Fig. 126), 
there are evidently two ways in which reduction might take 
place. Chromosomes 1 • 2 and 1 • 18 might go to one pole, and 2 • 17 
and 17 • 18 to the other; or 1 • 2 and 17 • 18 might go together, and 
1 * 18 and 2 • 17. The former method would result in nonviable pollen, 
since the 17 end would be lacking in one gamete and the 1 end in the 
other ; and so ail the pollen resulting from this sort of reduction would be 
bad, while that resulting from the alternate method would be good. 
If it were a matter of chance as to which type was followed, we should 
expect 50 per cent bad pollen in such Fi plants. This is actually the case 
in maize hybrids "which arise from’ crosses between races differing by one 
segmental interchange. In Datura, however, such types produce prac- 
tically all good pollen, indicating that the second method alone occurs. 
This merely means that alternate chromosomes in a circle go to the same 
pole, a result that is perhaps to be expected in view of the probability 
that similar ends, which attract each other early in meiosis, repel each 
other later, so that a chromosome would tend to separate from both its 
neighbors. As a result of this, the gametes of an Fi are of two kinds, each 
preserving the arrangement of one of the parental types, and by this 
means the prime types tend to persist when once established even though 
intercrossing may take place between them. 

Reciprocal Translocation in Maize. — In cases wdiere the chromosomes 
assort at reduction by chance and thus half the pollen is bad, as in the 
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so-called ‘^semisterile’^ types of maize, the location of the breaks in the 
chromosomes which occur in segmental interchange can be determined 
by genetic methods. Thus if chromosomes 1 • 2 and 3 * 4 undergo 
translocation and the translocated race is crossed with the original one, 
a ring of four chromosomes is found at synapsis, just as in Datura (Fig. 
126); but half of the pollen (that which results from the reduction to 
1 • 2 — 1 • 3 and 2 • 4 — 3 * 4) is bad. If in the 2 arm of the original 
race, let us say, there is a gene a and in the corresponding locus of the 
other race its dominant allele, the semisterile hybrid is thus heterozygous 
for it (as in Fig. 127). If this plant is now crossed back on the original 
race (1 • 2, 3 • 4 and aa), the 1 ■ 2 — 3 • 4 gametes will produce plants with 
all good pollen and of genotype aa, and the 1 • 3 2 • 4 gametes will 

produce semisterile plants, genetically Aa. If, however, there has been 
crossing over in the 2 arm, involving the a locus, at synapsis, some of the 
normal plants resulting from the backcross will appear A and some of the 
semisteriles, a. Four classes of offspring will thus result; normal a and 
semisterile A (the noncrossovers) and 
normal A and semisterile a (the cross- 
overs). The frequenc}^ of the latter will 
evidently serve as a measure of the dis- 
tance between the break or translocation 
point and the gene a. If the location of a 
is known, the position of the break may 
thus be found just as if it were a gene. 

Rhoades has found that when the cross- 
over percentages between several genes 
and the chromosome break are determined, 
the results are what would be expected 
from the known position of these various 
genes on the chromosome. 

The cause of these segmental in- 
terchanges is unknown. All involve 
chromosome breakage and reciprocal 
translocation. They have evidently oc- 
curred at rare intervals in nature but may be induced much more 
frequently by radiation or other environmental factors. 

The investigation of heteroploidy in Datura and other plants has 
disclosed two mechanisms of great importance in the interpretation of 
(1) development through the theory of genic balance and (2) evolution 
through the theory of segmental interchange. We shall have to return 
to the applications of these theories to general problems in other con- 
'nections. . • 



3 3 

Fig. 127. — Meiotic configuration 
in a semisterile maize hybrid hetero- 
zygous for a reciprocal translocation 
between chromosome 1.2 (black) and 
3.4 (white), at synapsis before the 
four chromosomes open out into a 
circle. The location of gene A~a is 
shown in arm 2. 
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CHANGES IN GENE ARRANGEMENT 

The changes that occur within or between chromosomes (deficiency^ 
duplication, translocation, and inversion) have already been described. 
It remains to inquire as to the mode of origin of these, their phenotypic 
effects, and the part they play in giving rise to new hereditary variations. 

These changes in which blocks of genes are deleted or transposed 
occur spontaneously and, although we have little data on how commonly 
they occur, they probably have a lower frequency than gene mutations. 
In the sample of wild Drosophila melanogaster studied by Dubinin (p. 298), 
no chromosomal aberrations were found. They appear, however, in the 
offspring of irradiated parents and probably show proportionality between 
dosage and frequency as was noted in the case of gene mutations, although 
the different types have not been extensively studied from this point of 
view. The salivary chromosomes of Drosophila larvae from treated 
gametes show a high proportion of chromosomal changes. Many of these 
probably have little or no gross phenotypic effect and wmuld not be 
detected by the usual methods. 

What actually happens when new translocations or inversions occur 
is not known with certainty. In forms that have been most extensively 
studied (Drosophila, maize. Datura, Oenothera) most of the translocations 
are reciprocal, that is, mutual exchanges of sections between nonhomo- 
logons chromosomes. Belling suggested that this might be due to 
“crossing over” between nonhomologous chromosomes, and McClintock 
showed that this does occur in maize. Simple translocations, not 
involving exchange, are apparently rare or absent. This might be 
explained by the fact that fragments of chromosomes which do not 
contain a spindle-fiber attachment are always lost unless they become 
attached to another chromosome. By a similar exceptional event the 
same chromosome may possibly loop upon itself and break and re-form 
at the point of junction of the strands, and thus give rise to inversions, 
deficiencies, and duplications. It is fairly clear that the Ultrabar 
duplication arises as a result of unequal crossing over at the Bar locus 
(p. 336) and the original Bar mutation probably arose in the same way. 
Once one of these chromosomal rearrangements has occurred, it may lead 
directly to others. 

Muller has suggested one way in which inversions may lead to other 
chromosomal changes. Assume two chromosomes 12 and with genes 
in the following order: 

ABCDSFGHIJKLMNOPQ 

JJl ABCDWFQBIJKLMNOPQ 

These by inversion may become: 

ABC.MLKJIHaFSD.mPQ 

jgl ABCDE.NMLKJmaF.OPQ 
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A cross of parents having i2,and would in the hybrid produce synap- 
ses as follows with like genes opposed: 



Crossing over in the central section would produce new chromosomes 

ABC.MLKJIHGF. 0 PQ (deficieucy for DEN) 

^2 ABCDE.NMLKJIHGFED.NOPQ (duplicatioU Of DEN) 

Phenotypic Effects.— Chromosomal rearrangements are frequently 
accompanied by lethal effects. Deficiencies are nearly always lethal 
when homozygous, although in several cases in Drosophila very short 
deficiencies have proved to be viable. Large duplications are also 
generally lethal probably because of the disturbed genic balance. Small 
duplications, however, may be of normal viability. Bridges^ finding of 
repeats’^ in the Drosophila salivary chromosomes (p. 237) suggests that 
some loci may be duplicated at least once in the normal animal. Defi- 
ciencies nearly always show a dominant phenotypic effect which may be 
very marked and affect many parts of the life cycle as in the case of the 
Minute bristle deficiencies of Drosophila in which length of larval life, 
moulting, and many characters of the adult are changed. The same is 
true of duplications. 

Translocations and inversions, which do not alter the number but 
only the arrangement of the genes, may have no lethal or other phenotypic 
effect at all. It happens that many of them are connected mth lethal 
effects but this may mean that they were detected because they produced 
a lethal effect whereas many of those mthout this effect go undetected. 
The lethal in this case may be a deficiency or gene mutation at the point 
of breakage or a position effect. In plants translocations and inversions 
seem to produce no phenotypic effects at all; in Drosophila they may be 
accompanied by visible position effects (Fig. 128), although in many cases 
no effect has been detected. 

SIGNIFICANCE FOE ORIGIN OF VARIATIONS 

Although deficiencies and duplications produce the most marked 
character changes, they generally reduce viability to such an extent that 
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they would soon be eliminated in nature. They probably do not provide 
an important source of the continuing variability found in nature. 

Translocations and inversions on the other hand bring about impor- 
tant modifications of the mechanism of transmission, may lead to partial 
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Fig. 128."--Equai (right) and unequal (middle and left) crossing over at the Bar iocu»iii 
Drosophila melanogaster. In the center column the origin of Doubiebar from Bar is shown 
to involve crossing over between regions above Bar (marked by forked) and below Bar 
(marked by fused). Doublebar (middle column below) shows greater effect on Bar eye 
than two Bar factors on separate chromosomes, the so-called “position-effect.” (From 
Dobzhanshy.) 

sterility between possessors of different gene arrangemehts, leading 
toward physiological isolation between different genotypes, and also 
make possible the retention in balanced lethal systems (p. 235) of the 
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heterozygosity that arises from gene mutation. Two detailed examples 
will illustrate the mechanisms altered by translocations and inversions. 

The Gene-complex Theory in Oenothera. — The hypothesis of 
reciprocal translocation, or segmental interchange, has made it possible to 
clear up the very difficult genetic situation in Oenothera and similar 
plants. Crosses between species in this genus have shown that many of 
them, like 0. Lamarckiana, although breeding essentially true, are heter- 
ozygous for many genes, owing to the operation of balanced lethal 
factors. These genes often show almost complete linkage, as though 
they constituted a single linkage group. Species crosses also often result 
in two distinct types of hybrids, the so-called ''twin hybrids.^^ 

These facts and others provided the clues for Renner's genetic 
analysis of these species. He showed that in most cases there are but 
two types of gametes produced, each containing an entire haploid set of 
closely linked genes, a gene complex. The particular genes in a given 
complex are constant for that complex and hold together in all crosses. 
The various complexes, however, are so different in the gene combinations 
which they contain that they are distinct and rather easily recognized; 
to each Renner gave a name. Each of the species, according to this 
hypothesis, contains two of these gene complexes, usually different; and 
at meiosis each separates from the other as a single entity. This analysis 
shows that Lamarckiana is composed of the gene complex called gaudens^ 
X containing the genes for green buds, nonpunctate stems, white nerves, 
broad leaves, and red flecks on the rosette leaves; and velans, containing 
genes for red-striped buds, punctate stems, narrow leaves, white nerves, 
and no red flecks on the rosette leaves. Lamarckiana may thus be 
described as gaudens • velans. Half of its pollen grains (and half of its 
eggs) contain the gene complex gaudens snad the other half the gene 
complex velans. 

If this is so, however, three types of offspring should arise from self- 
fertilization in this species; gaudens • gaudens (J4), gaudens • velans 
and velans * velans {}£). Evidently the first and the last do not survive, 
an assumption which is supported by the fact that about half the ferti- 
lized ovules fail to produce seed, or they form seeds which are not viable. 
Thus only gaudens • velans (which is Lamarckiana) survives, and the 
species appears to breed true. The death of the two homozygous com- 
plex combinations is readily explained on the hypothesis of balanced 
lethal factors (p. 235) as originally suggested by Muller. One complex 
contains one lethal (li, let us say) and the other another {l^, and each has 
the dominant allele of the other's lethal. The heterozygous types LiZi 
and L ^2 thus survive, but the homozygotes hh and Idi die. 

It has been possible in this way to determine the genetic constitution 
of other species of Oenothera. Thus 0. hiennis i^ albicans • ruhens Q,nd 
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0. muricata is rigens ■ curvans. A very few species, notably 0. Hookeri, 
differ from the rest in being entirely homozygous and displaying normal 
Mendelian breeding behavior. It should be noted that even in the 
heterozygous species a few genes occur which are independent of the 
rest of the complex in their inheritance and that these genes have been 
found to differ in their linkage relations in different complex combinations. 

The problem now arises as to what the cytological basis is for these 
remarkable phenomena. A study of Oenothera species by Cleland 
revealed the fact, long unrecognized, that in most of them at meiosis the 
chromosomes are attached end to end in a large ring (Fig. 129) which 
may include 12 or even all 14 of the chromosomes present in this genus. 
At reduction, as in the rings of Datura, alternate members are assumed 
to pass to the same pole, and thus the mechanism is at hand for preserving 



Fig. 129. — Chromosomes of Oenothera Lamarckiana at meiosis, showing a ring of twelve 
and one pair. {From Cleland,) 


intact two sets of 6 or 7 chromosomes each, which can be recombined 
again at fertilization. The persistence of these sets is further assured 
by the fact that the end-to-end arrangement of the chromosomes seems to 
preclude the crossing over of genes in them and renders each set a single 
large linkage group. The suggestion is obvious that the gene complexes 
owe their existence and preservation to the fact that they are contained 
in these relatively unchanging sets of chromosomes. The fact that two 
gametes containing the same chromosome set (or complex) fail to pro- 
duce a viable embryo is evidently due, as has been suggested above, 
to the presence in them of balanced lethal genes. Thus each species is 
composed of two complexes in two chromosome sets. 

The origin of these rings may be explained by reciprocal translocation, 
just as in hybrids between prime types of Datura (p. 331). Doubtless 
the original condition in the genus was like that in 0, Hookeri today, 
seven independent chromosome pairs. A single interchange in one race 
would result in a ring of four chromosomes in hybrids between this and the 
original type. The haploid set of 0. Hookeri may be represented thus: 
1 • 2, 3 • 4, 5 * 6, 7 • 8, 9 vlO, 11 * 12, 13 • 14. Complex flavens combined 
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with Hookeri produces a ring and five pairs. This complex may therefore 
be given an arbitrary arrangement as follows: 1 • 4, 2 • 3, 5 • 6, etc. 

The combination jffraens-Hoofcm' would thus appear: 

1 • 2 2 -3 5-6 7-8 9-10 11-12 13-14 

I !()()()( ) ( ) 

1 ■ 4 4 - 3 6-6 7-8 9-10 11-12 13-14 

Two interchanges involving four chromosomes would produce two 
rings of four, leaving three pairs of chromosomes. Two interchanges 
involving only three chromosomes would make a ring of six, with four 
pairs. The greater the number of interchanges, the larger the circles 



Fig. 130. — Diagram showing the cytological configurations of various complex com- 
binations in Oenothera. For example, 0. Lamarckiana is gaudens • velans. In each case 
the number of rings and of chromosomes in each ring is given, the remainder of the fourteen 
chromosomes being in pairs. Thus, “G4, 06” means that there is one ring of four, one 
ring of six, and two pairs of chromosomes. {From Cleland,) 

until some hybrids produce a ring of 14 chromosomes. The two haploid 
sets in each ring are held intact by balanced lethals. 

By studying the number and size of chromosome rings in combina- 
tions between known gene complexes (Fig. 130), Cleland has been able to 
determine the number and arbitrary location of such interchanges, and 
by this means to predict the chromosome configuration in yet untried 
combinations between known complexes. 

The genetic analysis combined with the h 5 npothesis of reciprocal trans- 
location and of balanced lethals thus makes it possible to understand the 
complexities of inheritance in Oenothera. Chromosome rings, of greater 
or less size, have now been reported as occurring naturally in a consider- 



340 


PRINCIPLES OF GENETICS 


able number of species, and the hypothesis advanced to explain the 
genetic behavior in Oenothera will doubtless apply to them as well. 

Inversions in Drosophila pseudoobscura. — Examination of the 
salivary chromosomes (p. 164) has led to the discovery of a great deal 
of variation in gene arrangement in the different local strains of the same 
specdes. In the D. pseudoobscura strains inhabiting separate parts of the 
species range in the Western United States, this variability takes the form 
of numerous inversions as shown by Dobzhansky and Sturtevant. 
Different orders of the bands are characteristic of different local strains. 
Such variations are detected by crossing members of different local 
strains and examining the pairing of the salivary chromosomes in the 
hybrid larvae. Where the parents have very different band orders, large 
inversion loops (Fig. 87, p. 234) are formed in the hybrids since the homolo- 
gous parts of the chromosomes tend to pair. When these pairs are not 
opposite to each other, different levels pair and the chromosome becomes 
contorted. When the parents differ by only a small inversion, this is 
marked by failure of pairing over a short region without contortion. 
Since the bands in every chromosome form a characteristic sequence, 
the length of the inverted sections and point of breakage can often be 
specified in detail. In some cases two parent chromosomes differ by a 
single inversion and this variation could obviously have arisen by a single 
step; in others, the chromosomes differ by two nonoverlapping inversions, 
while in others two or more inversions in one chromosome may overlap. 

The latter type of change is most frequent in D. pseudoobscura, indi- 
cating that strains differ by multiple inversions and that such variations 
are therefore of relatively frequent occurrence in this species. By esti- 
mating the number of steps (independent occurrence of inversions) 
required to derive the band order of one strain from that characteristic 
of another, it has been possible to estimate the width or closeness of 
relationship of the two strains, and this is of great importance for studying 
phylogenetic relationships (p. 350). Here we are concerned chiefly with 
the fact that inversions reduce or prevent crossing over between homolo- 
gous chromosomes and that variations of this type, while not necessarily 
accompanied by direct changes in the phenotype, lead to the isolation of 
genetic systems (chromosomes) from each other; may tend to preserve 
heterozygosity and by rearrangement of genes may lead to translocations, 
deficiencies and other changes. In this respect inversions as found in 
Drosophila and translocations as found in Oenothera, Datura, and other 
organisms have similar significance for the origin of variations. Moreover, 
the fact that position effects due to several of these types of chromosome 
changes simulate gene mutations indicates that the distinction between 
these two main categories of new genetic variations is not as sharp as it 
formerly seemed to be. 
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The relation of chromosome changes to evolution will be discussed in 
the next chapter. 
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PROBLEMS 

371. How might an allopolyploid arise other than by doubling the chromosome 
number of a hybrid? 

372. Name at least one important practical result which may be expected to 
follow from our ability to double the number of chromosomes in a plant. 

373. In polyploid series of species in nature (such as the wheats, barleys, and 
many others), the dilferences between members of the series in body size and in 
cell size are often very much less than in polyploid series which have been devel- 
oped experimentally. Explain. 

374. What reason can you suggest for the fact that it is apparently impossible 
to increase chromosome number experimentally beyond a certain point? 

375. Why is a haploid individual usually sterile? Name some important 
exceptions to. this rule. 

376. What factor affecting size might be operative in allopolyploids but not in 
autopolyploids? 

377. What relationship can you suggest between the occurrence of polyploid 
series and the occurrence of duplicate factors? 

378. Why does polyploidy tend to prevent the appearance of gene mutations? 
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379. What similarities and what differences are there between the effects of 
doubling a section of chromosome, as in the case of repeats, and doubling it 
through polyploidy? 

380. Why do you think it is that an extra chromosome is much more readily 
transmitted, in plants, through female gametes than through male gametes. 


381. How would you account for the great diversity of chromosome numbers 
in related species of a single genus, as in the case of Crepis (p. 351)? 

382. Sometimes a primary mutant is not intermediate between its two seconda- 
ries. Explain. 

Note, — In Datura Blakeslee has found 12 mutants, each of which is due to 
the presence of three chromosomes instead of two, in one of the 12 sets. The 
mutant “Poinsettia’^ he finds to be due to the presence of three chromosomes 
in the set which carries the genes for purple and white flower color. Letting A 
stand for purple and a for white, there may thus be four kinds of Poinsettia plants : 
AAA, AAa Aaa (purple), and aaa (white); and three kinds of normals, AA, Aa 
(purple), and aa (white). The formation of female gametes here takes place 
much as it did in the nondis junctional females of Drosophila. In the pollen, 
however, none of the grains with the extra chromosome are able to function, appar- 
ently on account of the upset balance between the chromosome sets. All pollen 
grains formed by purple Poinsettia plants are A and a, while the eggs may be A, 
AA, Aa, a, or aa. The female gametes formed by an individual with the genotype 
AAa, for example, are two A, two Aa, one AA, and one a. This may perhaps be 


worked out most readily by writing the genotype thus : 


A 1 . 

•“V^and making 


the three 


possible reduction divisions, AA and a, Aa and A, and Aa and A. If these were 
male gametes, the A A and A a types would not develop, and the survivors would 
be two-thirds A and one-third a, 

383. What will be the ratio of purple-flow^ered to white-flowered plants in the 
normal (2n) offspring and in the Poinsettia (2n + 1) offspring from the following 
crosses? 


Female parent X male parent 

Female parent X male parent 

AAa 

AAA 

Aaa 

AAA 

AAa 

AAa 

Aaa 

AAa 

AAa 

Am 

Aaa 

Aaa 

AAa 

aaa 

Am 

am 

AAa 

AA 

Aaa 

, AA; 

AAa 

Aa 

Aaa 

Aa 

AAa 

aa 

Aaa 

aa 


384. Explain how it is possible, by means of trisoimc ratios, to determine the 
pair of chromosomes associated with a given linkage group. 
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385. If the Fi of a cross between purple-flowered tetraploid and white-fio’wered 
tetraploid Datura {PPpp) is crossed back to its white-fiowered parent, what will 
be the appearance of the offspring? 

386. If a tetraploid with the genotype Pppp is selfed, what will be the appear- 
ance of its offspring as to flower color? 

387. The offspring of haplo-IV, normal-eyed Drosophila crossed to diplo-IV, 
eyeless ones are half normal diplo-IV and half eyeless haplo-IV. If these two 
Fi types are crossed, what will their offspring look like as to eyes and number of 
IV chromosomes? 

388. Assume that a triplo-IV, normal-eyed Drosophila is crossed with a diplo- 
IV, eyeless. If the Fi triplo-IV dies are crossed with the Fi diplo-IV ones, what 
will be the eye character and IV chromosome constitution of their offspring? 

389. Construct two hypothetical prime types in Datura which, when crossed, 
will show a ring of eight chromosomes in the Fi. 

390. Assume that in Datura two lines differ by one segmental interchange, 
one line being 1 • 2, 3 • 4 and the other 1 ♦ 3, 2 • 4, but that in the second line chro- 
mosome segment 3 has suffered a complete inversion. What would you expect 
to be the configuration of these two pairs of chromosomes in the Fi from a cross 
between these two lines? 

391. What will be the configuration as to rings and pairs of chromosomes, 
in the types AB, BC, and AC, the end arrangement of complexes A, and C 
being as follows: 


A; 1-4, 

2 * 0, 

3-7, 

6* 10, 

8- 11, 

9 • 13, 

12 • 14 

B: 1*3, 

2*6, 

5-7, 

8* 9, 

10- 11, 

13 • 14, 

12* 4 

C: 1-3, 

2-5, 

4-6, 

8-14, 

10- 11, 

9-13, 

7-12 


392. Using the arbitrary formulas for the complex combinations given in 
problem 391, what would be the linkage relations in each of them of a gene located 
in chromosome-end 1? 

393. Using the known cytological configurations for the Oenothera species 
shown in Fig. 130, draw up an arbitrary end-arrangement formula which will 
explain the cytological facts for each of the complexes involved. 

394. From the data in Fig. 130, what configuration should be found in 
albicans ' truncansf 

395. In maize assume that Race 1, which is homozygous for the recessive 
endosperm characters a, 6, c, d, e, /, g, and h is pollinated by pollen from Race 2, 
which is homozygous for the dominant alleles A, B, C, D, E, F j and i?; but 
that the pollen has been subjected to irradiation before being placed on the styles 
of Race 1. If some of the resulting kernels are phenotypically A6cd!FFCiJ, how 
would you explain this result? 

396. Race 1 with genes A, R, C, D, andR, in the same chromosome and known 
to be arranged in that order, is crossed with Race 2, homozygous for the recessive 
alleles of all these genes. The Fi crossed back on abcde is found to produce 
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only four types of gametes: A B C D E, A B C De, abed E, and abode. 
Explain these facts. 

397. Race 1 with genes A, B^C, D, E, F, G, H, and I in the same chromosome 
and known to be arranged in that order is crossed with Race 2 which is known to 
|x)ssess all the recessive alleles of these genes. Back crosses show that in the Ih 
there is crossing over between A-B, G-H, and H-I but never between R-C, C-D, 
I)-E, E-F, or F-G. Explain these facts and map the chromosome, for these genes, 
as it occurs in Races 1 and 2. 

398. In a case in Drosophila melanog aster, yellow-bodied females bred to 
gray-bodied (wild-type) males always produced yellow daughters and wild type 
sons. How can this reversal of the ordinary course of sex-linked inheritance be 
explained? 

399. In the case of semisterile maize (see Fig. 127) all the genes in each com- 
plete set of chromosomes (1*2 and 3 • 4, for example) ate, of course, linked, just 
as though they were in one chromosome. Rhoades studied cases of double 
crossing over in such a system where one crossover was in one arm and the other 
in the opposite one (as in arms 2 and 3 in Fig. 127) and found that there was no 
interference, coincidence being 1.0. Explain tiiis difference from the usual 
behavior of double crossovers. 

400. In maize, Race I and Race II differ by a single segmental interchange. 
I is genetically aa and II is i A. The Fi from a cross between them is semi- 
sterile and Aa, When this is crossed back on Race I, the following offspring are 
produced: 35 per cent normal a, 35 per cent semisterile A, 15 per cent normal A, 
and 15 per cent semisterile a. Where, with reference to locus a, is the transloca- 
tion point? 

401. Race I, above, is also homozygous for gene bb and II for BB, so that the 
semisterile hybrid is Bb, When this, as before, is crossed back to Race I, the 
following offspring are produced: 45 per cent normal h, 45 per cent semisterile R, 
5 per cent normal R, and 5 per cent semisterile b. It is known that in Race I, a 
and b are in the same chromosome and between 25 and 30 units apart. For 
Race I, map the chromosome in which a and b occur, showing the position of these 
genes and of the translocation point. 

402. In Race I, genes c and d are in the chromosome which later undergoes 
segmental interchange with that containing a and b, thus forming Race II. In 
Race II d is now found to be linked with b, and c with a. By use of data similar 
to that presented in the two preceding problems, it can be shown that c gives 
10 per cent crossing over with the translocation point and d gives 5 per cent. 
Make a diagram of the four chromosomes involved in the translocation between 
Races I and II as they appear at synapsis in the semisterile hybrid between these 
races, showing the location of the four genes and the two translocation points. 


CHAPTER XV 

GENETICS AND EVOLUTION 


We have now an adequate working outline of the physical basis and 
of the mechanism of inheritance. Before the entire phenomenon of 
inheritance can be understood, however, there are still two major prob- 
lems that must be solved. One is concerned with the genetic basis of 
organic evolution, the other with the mechanism by which genes control 
development. These problems are discussed in the present chapter and 
the concluding one. 

The importance of a knowledge of inheritance for the development of 
evolutionary theory was recognized when the young science of genetics 
(sometimes termed ^^experimental evolution'^ was established. It was 
hoped that the new knowledge would prove of service in interpreting 
evolution. This hope was not immediately fulfilled. In recent years, 
however, a more complete understanding of their own problems has made 
it possible for geneticists to make substantial contributions to a knowledge 
of the mechanism of evolution, especially as to two of its problems. 
These are, first, the origin and nature of inherited variations and, second, 
the processes by which these variations give rise to segregated groups 
of individuals, the new races, species, and higher taxonomic categories. 
An extensive survey of the bearing of genetics or these problems has 
recently been made by Dobzhansky (1937a). 

THE ORIGIN OF EVOLUTIONARY DIFFERENCES 

In previous chapters the various types of inherited differences have 
been described, chiefly from the results of breeding experiments and 
cytological observations. The question now arises as to whether 
differences like these are actually responsible for evolutionary change. 
The answer is definitely an affirmative one. The difficulty or impoasi- 
bility of obtaining offspring from crosses between individuals of different 
species, and especially of higher groups, makes it hard to obtain very 
much direct information here, but all the evidence at hand indicates 
clearly that gene mutations and chromosome changes, essentially the 
same as those observed in the laboratory and under cultivation, occur in 
nature and are responsible for the diversity of organisms. 

Gene Mutations in Evolution —Many of the genic differences that 
have been employed in genetic experiments have arisen in nature and dis- 
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tinguish varieties and races of plants and animals. The single-gene 
differences between spiny and smooth capsule and between purple and 
white flower color in Datura occur in nature and are examples of many 
such differences in plants which are the basis of recognized varietal or 
specific characters. Among animals the dextral and sinistral coiling 
of the shells of fresh- water snails, known to be due to a single gene (p. 251), 
distinguish local races of Partula (Crampton). Races of man are char- 
acterized by marked differences in the percentage among them of the 
various blood groups, now known to be due to a series of three multiple 
alleles. More complex hereditary differences have been shown to char- 
acterize many geographical and ecological races of plants and animals. 
Perhaps even more convincing are the now numerous cases in which gene 
mutations have been collected by sampling wild populations. Dubinin 
and his coworkers, by trapping wild individuals of Drosophila melano- 
gaster in various localities in the Soviet Union, have shown many of them 
to be carrying gene mutations of various sorts, similar to, or in many 
cases identical with, those that have appeared in this species in the 
laboratory. 

Genic differences between groups generally regarded as good species ” 
are not so easy to demonstrate because of the difficulty of obtaining fer- 
tile crosses between them. The distinctions between Antirrhinum majus 
and A. molle as studied by Baur, however, seem clearly to be due to 
different gene combinations, and those between Canna indica and C. 
glauca have been reduced to a series of genes by Honing. A similar 
analysis has been made of the differences between Lycopersicum esculentum 
and L. pimpinellifolium by Lindstrom, and there are many others among 
plants. Evidence from animal species crosses is not so detailed but much 
of it exists, of which Sumner^s studies of species crosses in Peromyscus 
may be cited as an example. 

Chromosome Changes in Evolution. — -Differences due to chromosome 
changes are also very abundant in nature. Notable among these are 
the cases of polyploidy. Many instances of what seem clearly to be 
autotetraploids (p. 320), derived from diploid races or species, have been 
reported from nature. Thus Tradescantia occidentalis is represented by 
diploid individuals in Texas and by tetraploid ones over a much wider 
range. In. Europe Biscutella laevigata also exists in both diploid and 
tetraploid phases, the former chiefly in Germany and the latter ranging 
over central Europe and Italy. In all such cases the same structural 
features characterize the tetraploid forms (large cells, stocky habit) as 
when these arise under cultivation, but it is significant that the tetra- 
ploids seem physiologically rather distinct. They usually have vider 
ranges than their diploid ancestors and seem to be more successful types. 
Polyploidy here may give rise to new types in nature without involving 
any genic changes. ■ 
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Probably more common in nature are allotetraploids (p. 322). Gaie- 
opsis Tetrahit is a good species with a haploid chromosome number of 16. 
Mtiiitzing has succeeded in synthesizing it by crossing G. puhescem and 
G. speciosa (both with 8 chromosomes) and obtaining among their descend- 
ants an allotetraploid plant (with 16 chromosomes) which seemed to be 
essentially like G. Tetrahit, Spartina Townsendii, which seems to have 
appeared in England about a hundred years ago, has a chromosome num- 
ber of 126, and there is good taxonomic and cytological evidence that 
it arose as an allotetraploid from a cross of S, stricta (2n = 56) with S, 
alterniflora {2n = 70). 

Other similar cases have been reported. These are true-breeding 
types, distinct from their parents and sterile in crosses with them. Here 



mother cells of A, Triticum monococcum, 7 chromosomes; B, T. durum, 14 chromosomes; 
C, T. mdgare, 21 chromosomes. {From Sax,) 

what is essentially a new species seems to have arisen at one step without 
the occurrence of any gene mutations. In allotetraploids, which owe 
their origin to two species rather than one, the doubling of the chromosome 
complement makes it possible for an interspecific or even an intergeneric 
hybrid, usually sterile, to form viable gametes and perpetuate itself. 
By this means two lines, which have become considerably diversified 
during the course of evolution, such as species of two genera, may 
recombine their genic complements and serve as the basis for further 
evolutionary change. 

As a result of crosses between polyploid types the various polyploid 
series of species occurring in so many plant genera seem to have arisen. 
Thus in Triticum there are species with 14, 28, and 42 chromosomes 
(2n) (Fig. 131) ; in Viola with 12, 18, 24, 30, 36, 42, 48, 54, and 96; and 
in Prunus with 16, 24, 32, 40, 48, and 72. 

Polyploidy in animals is much less common, doubtless because of 
the separation of the sexes, and seems not to have been an important 
e\mIutionary factor. 

The various differences in chromosomal structure observed in cul- 
ture — translocations, inversions, duplications, and deficiencies — are also 
found in wild populations and frequently distinguish races and species. 

The various prime types^^ in Datura Stramonium described by 
Blakeslee, which may be recognized by the occurrence of chromosome 
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rings in the offspring of crosses between two types (p. 331), owe their 
origin to a series of reciprocal translocations between the various chromo- 
somes. Each of the prime types has a definite geographical distribution 
as shown in Table XXVIII and probably arose from a single translocation 
in nature. Thus some 540 races of Datura Stramonium found in nature 


Table XXVIII. — Distribution op Prime Types in Nature op 530 
Paces of Datura 

(Aftei^ Blakeslee, Bergnerj and Avery, 1937) 


Cryptic prime types 

P.T. 1 

P.T. 2 

P.T. 3 

P.T. 4 

P.T. 7 




1.18 

11.21 

3.21 

9.10 

Modified chromosomes 

Standard 

2.17 

12.22 

4.22 

19.20 

Condition in Pi's with line 1 

12 

bivalents 

10 BV.O 
+ 04 

10 BV.O 
+ 04 

10 BV-O 
+ 04 

10 BV.O 
+X4 

No. 

races 

Origin 

© 

0 

0 

o 

>0 

82 

Virginia and North 







Carolina 

47 

17 


29 

4 

134 

Other U.S.A 

115 

7 


3 

11 

16 

West Indies 

6 

5 


4 

5 

10 

Central America .... 

10 

3 


5 

Columbia and Vene- 







zuela 


5 




15 

Brazil 

15 





32 

Peru (purple) ....... 

32 

32 



19 

Chile (purple) 


19 

19 



9 

Chile (white) 


9 



33 

Spain and Portugal. 

2 

24 

1 ■ 

19 

, 7 

36 

Italy 

1 

35 


3 

1 

19 

Russia 

1 

18 



52 

Other European 

4 

48 


I 


7 

Japan and Korea 

7 





26 

Other Asiatic 


26 




26 

Africa . 

3 

12 


' 12 

12 

5 

Australia 

1 

2 


2 

2 

4 

Hawaii. .......... 



,1' 

■ 4 ' 
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could be classified into five prime types; prime type 1 (the “standard” 
race) and four other types differing from it by segmental interchanges. 
Practically all the races of Eastern Europe and Asia (except Japan) are 
prime type 2; in South America (Fig. 132) the races of Brazil are prime 
type 1 and have white flowers; the races of Peru are a combination of type 
3 with type 2, and have purple flowers; in Chile the same combination 
(2 and 3) occurs in purple-flowered types while the white-flowered ones 



Fig. 132. — Distribution of prime types of Datura Stramonium in Soutb America. (From 
Blakeslee, Bergner, and Avery.) 

are prime type 2, which occurs also in Columbia and Venezuela. This 
sharp separation of the different chromosome arrangements within 
the same species indicates one of the steps through which differentiation 
within the species is occurring. Blakeslee has shown how through hetero- 
ploidy these may give rise to visibly distinct new true-breeding types. 

The specific chromosome complements in Oenothera, which are 
the bases of the gene complexes analyzed by Renner, have evidently 
arisen by translocation. Cleland has traced the evolution of some of 
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these types from simple species like 0. Hookeri, in which all the chromo- 
somes are paired, to complex ring formations and has studied their 
geographical distribution. The frequently reported cases of chromosome 
rings in other genera indicates that translocation may be of relatively 
common occurrence in nature. 

It should be remembered that whatever differences in the effects 
of genes may be due to their position (assuming that this is a different 
phenomenon from gene mutation) will appear in these translocation 
types and may serve as an added cause of evolutionary diversity. 

The inversion of chromosomal segments is evidently another common 
source of racial and specific differences in nature. The best analyzed 
of these cases is that of the two Races A and B of Drosophila pseudo- 
obscura, studied by Dobzhansky and others. By use of the salivary 
gland technique, it has been possible to show that these two races differ 
by four inverted sections, two in the X chromosome and one each in 
chromosomes II and III. These races are indistinguishable morphologi- 
cally but show certain definite physiological differences, and occupy 
different though somewhat overlapping geographical ranges. When 
crossed, they produce sterile male offspring, and they seem always to be 
distinct. Within each race there are several distinct gene arrangements, 
and the extent and character of these may be determined by the number 
and distribution of the loops in the salivary chromosomes of individuals 
heterozygous for two types. One arrangement occurs in both races 
and is probably the ancestral one. By comparing the various arrange- 
ments with each other, it is possible to set up a tentative phylogenetic 
series from this ancestral type and thus to trace the progressive changes 
in arrangement which have accompanied the evolution of these two 
races. 

The degree of divergence to which such progressive chromosome 
rearrangements may lead is perhaps shown by a comparison of the 
salivary chromosomes of two distinct species. Drosophila pseudoobscura 
crossed with D. miranda produces a sterile hybrid. Although the 
chromosomes of the parent species are the same in number and general 
appearance at metaphase, the salivary chromosomes of the hybrid 
are so different in gene order that the homologues either fail to pair or 
show complex inversion loops (Fig. 87, p. 234). Salivary band sequences 
show different arrangements of genes within the same chromosome 
of the two species, as well as the same genes in different chromosomes. 
These differences have probably arisen by inversions and translocations. 

Most deficiencies, at least of any appreciable size, are lethal, but they 
may occur in the Y chromosome of Drosophila, which seems to contain 
few genes, and may thus serve to distinguish various races. In D. 
pse^idoohsmra Dohzlmnsky has found seven different types of Y chromo- 
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some, distinguished chiefly by length (at metaphase) aixd position of 
spindle attachment. Each type is found in a definite area as shown for 
the three types of Race B in Fig. 133. 

Bridges has shown that in Drosophila duplications of series of genes 
occur in two parts of the same chromosome (“ repeats ’0* This, too, 
may ultimately result in evolutionary change. 

Heteroploid forms, such as those described in Datura and now known 
in many other plants, are apparently not common in nature; but they 
may give rise, as Blakeslee has shown, to 
various homozygous types with one or more 
extra chromosomes. Perhaps by such a 
process as this there have arisen some of 
these series of ' species the chromosome 
numbers in which form an almost contin- 
uous series and are not multiples of a basic 
number. Thus related species of Crepis 
have 3, 4, 5, 6, 8, 9, and 11 chromosomes, 
and in Carex the series is even more 
extensive. 

The various types of inheritable differ- 
ences, both genic and chromosomal, which 
have here been discussed and which are 
evidently appearing constantly in wild 
populations, will in themselves provide 
material for a considerable amount of 
evolutionary change. It should not be for- 
gotten that by the mechanism of inheritance 
these new types may be recombined in an 
almost limitless number of ways, so that 
probably the most prolific souice of actual types of Y chromosome in 

variation is the genic recombination result- Drosophila pseudoohscara, Eaoe B. 
ing from crosses between different types. 

This source of variability has been stressed by many, notably Lotsy, as 
of primary importance in evolution, and it is undoubtedly of great 
significance ; but it cannot be the only source, for there must arise in some 
way a series of actual gene differences before these can be recombined in 
hybridization. 

THE ORIGIN OF EVOLUTIONARY SEGREGATION 

The second main evolutionary problem, toward a solution of which 
genetics may contribute, is why this extensive series of constantly appear- 
ing inheritable variations, which in the aggregate must be enormous in 
actual number, does not result in a chaos of intergrading and interfertile 
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typos, a situation suggested by conditions actually existing in certain 
taxonomiealiy ‘difficult groups such as parts of the genus Rubus (the 
blackberries). In most of the organic world this is far from being the 
case, for there tends to be a definite sorting out of variants into races, 
species, and higher taxonomic categories, all but the lowest of which 
have become so completely isolated from each other that they readily 
maintain their individual existence. The problem of the origin of 
species is a very definite one and is by no means synonymous with that 
of evolution in general. In this field, too, genetics has now been able to 
make substantial contributions. 

The Effect of Inbreeding. — First, it has become evident that some- 
thing more than isolation and natural selection, long regarded as the 
primary factors in speciation, are here involved. An understanding 
of the particulate mechanism of inheritance makes it clear that the very 
process of Mendelian segregation necessarily tends to result in a sorting 
out of various genetically different types. This is most obviously true 
if a species is self-fertilized, as are many plants. If such an individual 
through a chance cross becomes heterozygous for a gene Aa, its offspring 
in a few generations will evidently become about half A A and half aa, 
the number of heterozygotes steadily diminishing, as was first shown by 
Mendel himself (p, 284). In the same way if it is heterozygous for two 
genes, Aa R6, its offspring will soon become sorted out into four equal 
and homozygous genotypes: AABB^ A Abb, aaBB and aabb. The 
number of different combinations ultimately appearing will be much 
greater than the number of pairs of segregating genes (2”). It is clear 
that in such types there will soon appear (if occasional mutations and 
cross-fertilizations occur) a host of genetically distinct and homozygous 
races, among which recessive genes are as numerous as dominant ones. 

Genetic Equilibrium in Cross-fertilized Types, — In most plants, 
however, and in practically all animals, self-fertilization is either impossi- 
ble because of the separation of the sexes or is prevented by self-sterility 
or some other mechanism. Even here, segregation results in the estab- 
lishment of distinct types. If two individuals A a and Aa are crossed 
and their offspring interbreed freely in large populations and if ail 
offspring are equally viable, then one-fourth of the resulting population 
will tend to be AA, one-half Aa, and one-fourth aa in all later generations 
(Hardy ^s Law). The recessive gene is Just as abundant in the population 
as the dominant one, and the recessive trait, far from being swamped 
out, maintains itself in a definite fraction of the population so that an 
equilibrium between the two types is established. It can readily be 
shown that if the original proportions of the two genes are unequal, this 
proportion is constantly maintained among them. If the proportion 
of A in the original population is represented by q and that of a by 1 - q, 
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then the population in the second and all later generations will reach an ^ 1 

equilibrium according to the following formula (Hardy’s Law): | 

AA :2q (1 — q) Aa: (1 — q)2 aa 

This equilibrium may evidently be disturbed (quite apart from i; 

factors affecting the survival of one group in preference to the other) 

if mutations or chromosome changes appear. If these are all in one 

direction, the population will gradually become completely changed; 
but if, as seems more common, those in one direction are opposed by ' 

others in the reverse direction (A to a and a to A), equilibrium will ; 

again be established if the mutation rates are constant. Thus in a 
population pure for A, if the mutation from A to a is twice as frequent 'll 

as from a to A, equilibrium will be attained when gene a is twice as , I 

abundant in the population as gene A or when two-thirds of the chromo- ! 

somes carry a and one-third A. | 

Genetic equilibrium thus results from the mechanism of segregation 
and the mutation rate. They tend to produce a constant proportion i. 

between genes and thus between visibly different groups, but without 
altering the variability of the population as a whole. 

Reduction in Variability in Limited Populations. — Since, in nature, : 

many genes are mutating and individuals of many types crossing freely, 
it would seem probable (disregarding the effects of selection) that all 
possible genic combinations would result and that the population, 
highly variable, would attain genetic equilibrium. This would be the 
case only if the population were unlimited in size. Most populations, 
however, remain approximately fixed as to the number of their individuals | 

which can survive, owing to limitations in the amount of food or space or I 

for other reasons. It is a noteworthy fact, largely unrecognized until | 

the recent mathematical studies of populations, especially by Wright, 
that under these conditions the very mechanism of inheritance itself ^ ' 

tends to reduce the diversity of the population by eliminating certain 
genes entirely and fixing others in a homozygous condition. To take - 

a very simple example, let us assume that a population is limited to only 
two individuals and that these are originally both heterozygous, Aa 
and Aa. Their offspring will obviously fall into the four equal classes 
AA, Aa, A a, and aa, the absolute size of which will depend on the number j 

of the offspring produced. If only two individuals can survive to 
maturity, however, it is evident that in less than half of the cases will 
the two genes be equally represented among them (Aa and Aa, or AA 
and aa) but that much oftener the two survivors will be A A and AA, 

A A and Aa, A a and aa, or aa and aa. The population should ultimately, 
under this limitation, be composed enti^^ entirely of a, and 

the other gene will have been irretrievably lost. Of course, such a 
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small population is unknown in nature, but in any limited one the same 
tendency operates, and the smaller the population is, the more rapid 
will be the loss of genes. In very large groups this is least effective. 

It should be emphasized that the size of a population, in this sense, 
is the total number of sexually mature and freely interbreeding individ- 
uals within it, so that actually most populations in nature are much 
smaller than at first they seem to be. Whenever a large group of individ- 
uals (a race, variety, or species) is broken up into smaller local ones 
by barriers of any sort, the reduction in diversity within these small 
populations will evidently proceed much more rapidly than in the original 
larger group; and since the loss and fixation of genes is a purely random 
process, each group is likely to have a different combination of genes 
from every other one, and a diverse series of local, relatively pure, races 
will result. This differentiation into local races will occur quite inde- 
pendently of natural selection. The mechanism which brings it about 
thus accounts for the very numerous cases where isolation produces 
local races (as of land snails in separate valleys in Hawaii) but where the 
differences between these seem not to be related to any factors which 
determine survival. Even where no physical barriers between groups 
exist, individuals usually tend to breed with those that are near them 
and thus constitute, in effect, a small population. 

Thus as a result of the mechanism of genetic segregation itself, and 
of the necessary limitation of population size, the great variety of new 
types produced by gene mutations and chromosome changes tends 
first to become thoroughly shuffled and then to become sorted out into 
distinct groups or races of increasing genetic purity and of lessened 
variability. 

There are other and more obvious factors that tend to produce the 
same result. Chief among these are differential viability and natural 
selection. Evidence from genetics has proved useful in a study of both. 

The Effect of Differences in Viability. — It is obvious that many 
genetic changes result in a reduction of vigor and viability. Many 
of these are actually lethal and lead to the death of the zygote at some 
stage of its development. It is perhaps to be expected that any random 
alteration of the normal or “wild” type of a species would result in a 
less efficient organic mechanism, and such seems usually to be the case. 
Even where there is no obvious reason why the abnormal type should 
be less successful, it often is so. Thus Harris found that bean seedlings 
with three or four cotyledons and primary leaves, instead of the normal 
two, were less efficient in food production and had a higher mortality 
than normal seedlings grown under identical conditions. 

The viability of various gene mutations in Drosophila funehris has 
been found by Timofeeff-Eessovsky to vary greatly, a few of them 
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exceeding the wild type but most being definitely below it. Further- 
more, their viability as compared with wild type varied with temperature 
and with the presence of other mutations. Thus the gene miniature 
had a viability of 69 per cent of wild type and bobbed one of 85.1 per cent^ 
whereas the combination miniature-hobhed went up to 96.6 per cent. The 
reasons for such differences are not evident. Occasionally there are 
obvious developmental disharmonies due to differences in relative sizes 
of parts, such as tali stem with weak supporting tissue, the disadvantages 
of which are obvious. Undoubtedly there are more subtle disharmonies 
between genic combinations, but our knowledge of these must wait for a 
fuller understanding of the genic control of development. At all events, 
it is obvious that the various mutations that appear in nature are not 
equally likely to survive, even under identical and optimum conditions, 
so that some combinations will tend to drop out of the population regard- 
less of the operation of other factors. 

The Effect of Natural Selection.— The elimination of certain variants 
is also doubtless brought about by the action of natural selection in 
eliminating individuals that are less well adapted to their environment 
than are others. The efficacy of this process has been actively debated 
since Darwin’s day, but the amount of actual experimental information 
here is not very great. Evidence is at hand, however, which indicates 
that between races differences do exist which act to favor or to prevent 
survival under conditions of competition. Timofeeff-Ressovsky collected 
local strains of Drosophila funebris from widely separated regions in 
Europe and compared the ability of each to survive, under very unfavor- 
able conditions of crowding and food, with that of a single standard 
strain. The differences were very considerable and were also found to 
vary with the temperature under which the test was made. In general, 
strains from warmer regions showed a higher survival at a higher tem- 
peratures, and vice versa. There is a good deal of evidence of this sort, 
indicating that local races have become adapted to their environment, 
presumably through selection. 

As to how effective this selection has been and how much of evolu- 
tionary change is the result of it, genetic evidence is not conclusive. 
An analysis of population changes that may be expected to result from 
the mechanism of inheritance, however (as discussed earlier in this 
chapter), makes it clear that local races, genetically pure and quite 
distinct from one another, may become established by this means alone 
without the Operation of selection. It seems altogether likely that 
both processes are at work. 

Mathematical analysis of theGretical population changes further 
show^^s that in small populations the random sorting out of genetically 
different races is likely to be the chief factor, with selection playing a 
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relatively small part. In large ones, however, where the loss of genes 
and the random establishment df types is much slower, the same amount 
of selective advantage should play a dominant part in determining 
which genetic types will survive and which will not. 

Obviously the rates of mutation of various genes are also very impor- 
tant here. If the more rapid mutation rate is in the direction favored 
by selection, change will evidently be rapid. If it is in the opposite 
direction, a definite equilibrium may be established. 

It can also be shown that where the frequency of a given gene in the 
population is very low or very high, a selective advantage in its favor, 
unless marked, will take a very long time to change the population over 
to the new type, but that the rate of change is much higher with inter- 
mediate frequencies. In other words, with a new advantageous muta- 
tion, its increase in the population at first is slow, then much faster, 
then very slow again to the time when it is completely established. These 
facts are all of importance in evaluating the role of selection in evolu- 
tionary change. 

Thus the separation of a population into distinct groups seems to 
depend upon a number of factors working in various directions, and 
the ultimate result is due to their interaction. Mutational and other 
changes, differing in frequency, direction, and viability, tend to increase 
the variability of the population. With inbreeding, a separation into 
homozygous combinations will rapidly occur. Under cross-fertilization, 
a definite genetic equilibrium tends to become established but is actually 
attained only where populations are very large. In limited and rather 
small populations, variability tends to decrease rapidly, and a series of 
rather fixed types results. Selection eliminates the clearly unfit at 
once and favors the survival of some types over others. Selection can 
operate, however, only where there is variability for it to act upon, and 
therefore factors that modify population size (and thus variability) 
modify the effectiveness and rapidity of selection therein. Selection 
operates not on the effect of a single gene but on that of the combination 
of all of them; and among the almost infinite number of these combina- 
tions which result from crossing, some are better adapted than others 
to a given environment and mil survive. These become separated from 
one another by the extinction of intermediate and less well-adapted forms 
and constitute a series of distinct but related groups. As the environ- 
ment changes, each group must change with it or perish. Those that 
have become fixed genetically will disappear, while those that have 
succeeded in maintaining or acquiring a certain degree of variability 
will be able, through selection, to change in type to meet the new condi- 
tions. Mutation, isolation, selection, and segregation are thus all 
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concerned in the process of the formation of distinct groups of individuals, 
the germs of new races and species. 

The Effect of Seif-steriiity. — Opposed to these tendencies toward 
the isolation of groups and races, there is among many plants an extensive 
series of mechanisms, both morphological and physiological, which 
operate in precisely the other direction. Where both types of gametes 
are produced in the same individual, self-fertilization, the closest form 
of inbreeding, will tend to occur and to produce complete homozygosity 
in the shortest possible time. The dangers of this process for many 
plants (and animals) and the advantages of at least some degree of 
heterozygosity for the maintenance of physiological vigor have been 
discussed in a preceding chapter (p. 285). The various mechanisms 
that operate to prevent this result are important not only for the individ- 
ual plant but for the species as a whole, for they prevent the rapid 
loss of variability that would otherwise ensue and which must be main- 
tained if selection is to operate most efficiently in establishing successful 
types. When these mechanisms in bisexual plants are fully effective, 
the individuals become essentially unisexual. 

With many of the devices to insure cross-fertilization, genetics has 
little direct concern. One of the most important of these, however— the 
phenomenon of self-sterility or self-incompatibility — has in recent years 
been subjected to genetic analysis mth fruitful results. It has long been 
known that, in many plants which produce normal, functional gametes of 
both sexes, these gametes are apparently unable to unite in fertilization, 
so that the individual fails to produce offspring by self-fertilization. 
Such sterility is termed self-sterility or self-incompatibility to distinguish 
it from the many other types of sterility which may be due to various 
causes. Incompatibility is most common in self-fertilization, although 
cross-incompatibility, in which gametes from two different individuals 
fail to unite under certain conditions, is not unusual. In over 100 species 
among about fifty families of plants self-fertilization has been found to be 
impossible, although cross-fertilization is readily accomplished. The 
same phenomenon is sometimes found among hermaphroditic animals, 
such as the ascidians Styela and Ciona. The degree of incompatibility 
often varies with external or internal conditions, as Stout has shown, and 
plants which are at one time self-incompatible may later become com- 
patible. In other plants, however, which are less subject to environ- 
mental influences of this sort, a definite genetic basis for incompatibility 
has been determined. In general, self-compatible (self-fertile) and self- 
incompatible individuals, when crossed, produce self-compatible off- 
spring; and in the F 2 , compatibility and incompatibility seem to segregate 
in simple M fashion. The genetic relations between various 
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incompatible in these same species, however, are more complex. 

A detailed genetic analysis of such forms in Nicotiana, which provides 
excellent material for this purpose, has been carried out by East and 
his students and has thrown much light on both the genetics and the 
physiology of incompatibility. 

Individuals of Nicotiana forgetiana and N. alata are self-sterile but 
normally produce abundant seed in crosses. Hybrids between the two 
species are self-sterile but are fertile in crosses. In the F2 from such a 
cross 20 plants were self-pollinated and were also interpollinated in 
most of the possible combinations and by enough tests to establish fertil- 
ity or sterility with certainty. All the self-pollinations were sterile, and 
three of the interpollinations as well. Fertile seed from a number of 
fruits were planted, and five successive generations grown, the members 
of which were tested. It was found that sterility persisted unchanged 
but that the frequency of cross-sterility gradually increased, a fact 
attributed to the progressively increasing homozygosity of the material. 
Thorough testing indicated that it was possible to divide the individuals 
of the last generation into five classes, the members of each of which 
were all self-sterile and infertile with all other plants of the same class 
but entirely fertile with all the other classes. By inbreeding, made pos- 
sible through pollination two days before normal opening of the flower, 
these classes were further purified. The clue to the cause of their differ- 
ence was found in the behavior of certain families consisting of only two 
such classes. Here class A crossed with class B produced two types of 
plants in equal numbers : those like B and plants different from either A or 
B, a new class C. Similarly, B X A gave half A plants and half C plants. 
In every case half of the offspring were like the class of the pollen parent 
and half unlike either parent. The female 'parent class never appeared 
among her o'wn offspring. This result is interpreted as due to the interac- 
tion of a series of three multiple allelic genes 81, 82^ and 83. Class 
A is arbitrarily designated SiSz^ class B, 8182, and class C, 8283. Each 
class, being heterozygous, will produce two types of pollen at reduc- 
tion. The assumption is that in any given plant the ovules can be ferti- 
lized only by pollen which contains a gene different from either of the 
plant’s own genes. Thus a plant of class A (SiSz) pollinated by class B 
(S1S2) will allow only the S2 pollen to function and thus will produce 
S1S2 offspring (class B) and /S2S3 (class C). This hypothesis, which is 
shown graphically in Table XXIX, has been tested in various ways and 
seems to explain the results satisfactorily. 

The genes controlling self-sterility apparently produce their effect by 
controlling the rate of pollen-tube growth. In compatible matings the 
tubes grow rapidly, but in incompatible ones they grow so slowly that 
before the gametes reach an ovule the flower has withered. In the case 
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of the three allelic genes just described the rate of pollen-tube grov\1;h 
is apparently determined by the interaction between the diploid sporo- 
phytic tissue of the style and the haploid gametophytic tissue of the 
pollen tube. The maximum of rapidity, which is essential to fertili- 
zation, occurs only when all three genes involved are different. Later 
investigations by East and Yarnel have shown that there are at least 
15 alleles of this series which act in the same way and an additional one 
which stimulates pollen tube growth in all crosses. 


Table XXIX. — Progeny Obtained from Intercrossing Three 
Sterility Classes in Nicotiana 
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Stout has recently reviewed the genetics of similar and of more 
complex cases of incompatibility. ... .. | 

THE ORIGIN OF NEW SPECIES ' ' , . 

The development of separate and distinct races is only one step in 
the evolution of species. The continued isolation of these groups is 
essential if their success, so far as it is acquired by selection, is to be 
preserved; for if they meet and mingle a host of new combinations will 
again appear, most of which will be less well adapted than the original 
types, and the good effects of selection will be lost. 

Isolating Factors. — This isolation may be maintained in a variety of 
ways. It may be strictly geographical; but groups thus separated, unless 
there is some more fundamental cause for separation, are hardly more 
than geographic races. More important, are those factors that normally 
prevent the crossing of two groups even ff their ranges overlap. Habitats 
or seasonal distribution may be so diverse that individuals of two races 
do not meet. /More fundamental are morphological or physiological 
mechanisms that operate to prevent crossing of dissimilar groups. Thus 
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the conformation of the sex organs may be such that mating is difficult 
or impossible, or more subtle differences may prevent mutual attraction 
between members of different groups. Gametes of one race may be 
less effective in another than the latter’s own gametes, resulting in a 
selective fertilization. Thus by a study of the behavior of pollen mix- 
tures, Jones has found that in maize a plant’s own pollen grows much 



Fig. 134. — Ears of maize from a plant pure for white, starchy endosperm (left) and 
yellow, sugary endosperm (right) each of which has been pollinated by a mixture of pollen 
from the two plants. The plant’s own pollen has effected fertilization in the great majority 
of cases. {From Jones,) 

more rapidly on its own stigmas, and is thus more likely to effect fertiliza- 
tion than is pollen from another source, a result precisely opposite to 
the effect of self-sterility. 

By using individuals differing in an endosperm character, it was 
possible to determine directly the type of pollen effecting fertilization 
(Fig. 134). Thus a plant bearing factors for white endosperm (recessive) 
was pollinated with a mixture of its own pollen and that from a plant 
otherwise similar except that it was homozygdus for yellow endosperm. 
Pollination by the ^ ^ white (self) pollen produces white seeds and by the 
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“yellow” pollen, yellow seeds. An extensive study by this method of 
the frequency of pollination by a plant’s own pollen as compared with 
foreign pollen showed clearly that there was a distinct preponderance 
in favor of the former, even though the seed produced by the latter 
was somewhat heavier and thus presumably more vigorous. Essentially 
similar results have been obtained in tomato, cotton, and Oenothera. 
There is thus evidently a rather widespread tendency favorable to a 
plant’s own pollen in fertilization. 

4'he means by which this is brought about are not well understood.*^ 
In maize, and probably in the other cases, it results from the more rapid 



Fig. 135. — Pollen-tube growth in the style of a trisomic mutant, Cocklebur (above), 
and of a normal diploid plant (below) in Datura, The stigma is at the left, and toward 
the right are given and plotted the numbers of pollen tubes at successive millimeter intervals 
down the style. Number of ungerminated pollen grains shown bj'" black bar at left. 
Normal pollen tubes above the datum line; swollen or burst ones below. {From Buchholz 
and Blakeslee.) 

growth of pollen tubes of one type as compared with the other. These 
differences in rate of pollen tube growth seem to be due to genetic factors. 
In maize, a gene markedly increasing rate of such growth has been 
isolated, and from the distortion that it produces in segregating ratios, 
its linkage with two other genes has been determined. In Datura, pollen 
from plants heterozygous for the gene ^Hricarpel” produces many 
swollen and abnormal pollen tubes which do not effect fertilization and 
which presumably carry the recessive gene. Buchholz and Blakeslee 
have shown that the pollen from a trisomic mutant of Datura, half of 
which is normal and half of which carries the extra chromosome, produces 
two types of pollen tubes, one type of which is normal, grows rapidly, 
and effects fertilization, and the other type of which grows much more 
slowly and rarely reaches the ovary (Fig. 135). Since the extra chromo- 
some is rarely transmitted through the pollen, these shorter tubes are 
presumably from the grains carrying this chromosome, and their defective 
growth is probably due to the lack of balance thus produced. 
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In certain closely related animal species sperm from one may occa- 
sionally fertilize eggs from the other but never as frequently as will 
; sperm from its own species. 

Even if hybrids are formed, they may not live to maturity, owing 
to some developmental disharmony. Sometimes the cause of this 
may be determined. Thus in certain cherry hybrids the embryos 
develop to a certain stage and then die. Tukey was able to carry them 
to normal development by removing them from the ovary when partly 
grown and cultivating them outside. Here evidently the nutritional 
balance between parent and embryo has been upset by hybridization. 

As a result of these various factors most species have become entirely 
infertile with others and thus maintain their type unchanged. The 
genetic origin of this infertility is not easy to understand. Dobzhansky 
has given some evidence that genic interaction is a factor here. Should 
one gene mutate in one locally isolated race and another gene in another, 
when these genes later come together, their complementary action may 
be such as to prevent development of the hybrid. Some such physiologi- 
cal mechanism as occurs in the cases of gene-controlled self- and cross- 
sterility is probably involved; but in all these cases a preliminary isolation 
would seem to be necessary to develop the genic changes required. 

Sterility of Hybrids.-f-In a great many cases, perfectly vigorous 
interspecific hybrid offspring can be produced; but here another important 
factor in preserving specific isolation appears, for most of such hybrids 
are sterile. The cause of this sterility is often not far to seek, for where 
the chromosomes of the two parents are unlike, normal pairing at meiosis 
evidently will not take place and gametes consequently fail to be pro- 
duced. This may result from differences in the number or size of the 
chromosomes, in the character, of the genes that they contain, or in the 
arrangement of these genes, li Translocation is a common cause for 
defective gametes since many of them, in an individual heterozygous 
for a translocation, will lack certain genes. The extensive rearrange- 
ments of genic material resulting from a long period of specific isolation 
thus often result in failure to pair. That such failure is actually a cause 
of sterility may be seen from a comparison between certain hybrids and 
the allotetraploids derived from them (p. 323). Thus the Fi hybrid 
between Raphanus and Brassica is sterile, but when each chromosome 
is doubled, pairing becomes possible again and fertility is restored. 

There are also apparently many cases of genic as opposed to chromo- 
somal sterility. The process of meiosis itself may be disturbed by gene 
action, as in the case of the/ 'sticky” gene described by Beadle in maize, 
which, when homozygous, results in partial or complete sterility. To 
gene action may probably te the malformation of the sex 

organs and the general disturbance of the reproductive process found 
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in many sterile hybrids. Dobzhansky has analyzed crosses between 
Races A and B of Drosophila pseudoobscura^ where the resulting males 
are always sterile, and he concludes that in almost all the chromosomes 
of both races there are genes which by complementary action in the 
hybrid are concerned with the production of this sterility. 

As a result of these various isolating factors, the groups or races 
established by mutation, segregation, and isolation become set into more 
permanent form, as species. genetic mechanisms by which this 
result is brought about are still by no means well understood, but at 
least a substantial beginning has been made toward their analysis. 
The development of genetics, especially as it concerns the genetics of 
populations, will doubtless continue to make important contributions to 
evolutionary theory and especially to that most important problem, long 
ago propounded by Darwin, the origin of species. 
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PROBLEMS 

403. In order to decide whether a new type of plant or animal which arises 
under observation is a new species or not, what criteria would you employ? 

404. Darwin observed that species belonging to large genera tended to be 
more variable than species of small genera. What genetic explanation can you 
offer for this difference in variability? 

405. What genetic interpretation can you suggest for the fact that species 
have apparently evolved much more rapidly among flowering plants than among 
gymnosperms (coniferous trees and their allies)? 

406. What genetic explanation can you offer for the fact that certain genera 
(such as the blackberries and hawthorns among plants) are highly variable and 
difficult to group into species, whereas in most genera the species are compara- 
tively easy to separate? 

407. Certain species, or genera, are e/ndemic, occupying a range restricted 
to a certain region. What two explanations can you offer for such restricted 
distributions? , 

408. Give two reasons why animals and plants under domestication are more 
variable than corresponding wild species? 

409. Assume that an animal population is made up of the following indi- 
viduals, which interbreed and multiply in large numbers : A A, Aa, AA, A A, and 
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Aa. Assuming that there is no selective factor in operation, what will be the 
proportion of AA, Aa, and aa individuals in the third generation? 

410. Make the same assumptions as in the preceding problem, except that 
the population has the following composition: Aa, AA, aa, AA, AA, Aa, aa, and 
A A. What will be the genetic constitution of the second generation? 

411. If a self-fertilized plant has the genetic constitution Aa Bh, what will be 
the genetic constitution of the third generation of its offspring, assuming that A 
and B are inherited independently? 

412. If the organism in the preceding question is a mammal, how different 
would be the result? 

413. If the following animal population interbreeds freely and multiplies in 
large numbers and if A and B are inherited independently, what will be the 
genetic constitution of the first generation of its offspring? AaBb A Abb AaBB 
AABB aaBh aabb AABb Aabb AABb AaBb. 

414. If a population originally has equal numbers of two genes A and a but is 
limited in size to two individuals in each generation, what will be the chance that 
the genes are still equally abundant in the third generation? What will be this 
chance if the population is limited to three individuals a generation? to four 
individuals? 

416. Other things being equal, would you expect to find a larger number of 
recessive lethals in a large or a small population (breeding unit) ? 

416. Why are overlapping inversions most useful in deducing the width of 
relationship between two interfertile races (p. 350)? 

417. What evidence can you present that selective fertilization is not very 
common? 

418. How do you reconcile the phenomena of selective fertilization and self- 
sterility? 

419. Would you expect selective fertilization to be found as frequently in 
animals as in plants? Why? 

420. Enumerate as many causes for sterility as you know. 

421. What evidence would be required to show that two races (such as 
Drosophila pseudoobscura A and B) differ by complementary fertility factors? 

422. Selection is usually more effective with cross-fertilized than with self- 
fertilized plants. Explain. 

423. Will selection for dominant characters be more or less effective than for 
. recessive ones? Why? 

424. If selection in one sex proves to be more successful in improving a stock 
of animals than does selection in the other sex, what conclusion can you draw 
as to the method of inheritance of the character in question? 

425. In maize, if a gene increases rate of pollen-tube growth, how would you 
determine the linkage group to which it belongs? 


CHAPTER XVI 
GENETICS AND DEVELOPMENT 

The principles of genetics, as set forth in the earlier chapters of this 
book, have been derived chiefly from a study of the behavior of genes 
and chromosomes at the time of maturation of the gametes and of 
fertilization. Since, however, genes are known only through their 
effects, the principles governing their transmission are in fact inferences 
from the known behavior in heredity of the differentiating characters 
of the developed organism. Between these two ends of the life cycle 
there occurs in all multicellular plants and animals a long chain of 
developmental changes. Our study of heredity cannot be complete 
until we have inquired how the genetic constitution, as determined by 
the genes and chromosomes in the gametes, is related, causally, to the 
developed characters. 

Gene and Character.— While attention was confined chiefly to the 
beginning and the end of the developmental process, the idea arose that 
a single gene determined a single “unit character.^^ The inadequacy of 
such a conception becomes apparent as soon as the general character 
of development is recalled. The organism reaches its final form 
through a series of changes in which each more complex condition arises 
out of an earlier and simpler one which preceded it, in a manner that 
embryologists describe as epigenesis. The cells in general divide equa- 
tionally so that each, apart from rare cases of somatic mutation or 
somatic segregation, receives the same nuclear content and the same 
genes. 

The question is immediately raised, How can the same genetic con- 
stitution produce different characters in the different parts? More- 
over, development is coordinated so that the parts are at some stage 
interdependent, and modifications induced at such a time by mutant 
genes or by environment are likely to affect many characters. In 
fact careful study of the effects of gene mutations shows that in general 
they do produce widespread changes. The first mutant in Drosophila 
was called “ white from its effect on the eye, although later study has 
shown that it is accompanied by changes in testis color, spermatheca 
shape, fertility, and viability. Although most genes studied have some 
major effect by which they can be recognized, they are often found to 
produce many other less conspicuous ones. Conversely, it has already 
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been pointed out that such an apparently simple character as the agouti 
coat of the wild rodent depends upon the simultaneous presence of at 
least a dozen interacting genes since, when any one of these mutates, 
the coat color is changed. Characters in general depend upon the inter- 
action of many genes, perhaps upon the genotype as a whole; and genes in 
general affect not one but many characters. 

There is as yet relatively little direct evidence on the actual changes 
in development brought about by changes in the genotype, but it is 
already evident that the relations between genes and characters are 
usually indirect ones involving several steps related as members of a 
chain of reactions. 

The first reactions are probably those that occur within the cells 
and result in the production of active materials, such as enzymes or 
hormones. That the genes act within the cells is evident from cases 
in which neighboring cells contain different genes, as in somatic mutation 
(p. 300) and each exhibits the phenotype characteristic of its own genetic 
constitution. In some mosaics, however, the genes in one patch of 
tissue exert an influence on the characters of other cells of different 
genetic constitution, as Sturtevant showed in studies of mosaic eyes in 
Drosophila. Such action at a distance is now known to be due in 
some cases to the production of diffusible substances like hormones 
(p. 377). Such secondary reactions may be growth processes (cell 
multiplication, cell enlargement, etc.) general metabolic processes, 
or the production of other substances with effects on growth, form, 
and color. Modification of one stage of one of these processes may 
set in train a series of modifications in later ones. The actual modifica- 
tions in development, both direct and indirect, which are controlled by 
genes can in many cases be interpreted most simply as the result of 
changes in the rates of various developmental processes, as discussed 
later. Goldschmidt (1938) has recently published an extensive review 
of many such cases, and his work should be consulted for a more detailed 
account. ^ 

Methods of Attack, — At present it is a hopeless task to try to deter- 
mine, through direct study of the genes themselves, how they operate 
to control development. Far more refined methods than we now possess 
must be available before this can be attempted. Perhaps when our 
knowledge is more complete as to the kinds of changes that the gene 
undergoes as it mutates, knowledge now being gained more rapidly than 
ever before through the study of mutations induced by radiation, we 
shall be in a position to analyze the mechanism of gene action more 
directly. 

A more promising method of attack for the present is to observe 
and describe, in morphological, chemical, and physical terms, the differ- 
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ences that exist between individuals differing by one or more genes 
and thus to make an analysis of the effects produced by these genes. 
It is often possible in this way to determine the particular processes 
affected and to gain an idea as to how the effect may have been produced. 
The farther back in development this analysis can be carried, the closer 
will it approach the primary action of the gene itself; but observation 
of more than the last few steps has thus far been impossible. Such 
a descriptive method is sometimes called that of phenogenetics, the study 
of the development of phenotypes. 

Description may be supplemented by experiment in some cases, 
notably through an application of the methods employed in experimental 
embryology. By this means genetically diverse tissues may be brought 
together during development and their effect upon one another observed. 
This has proved especially successful in analyzing various chemical 
changes produced by gene action. 

It is sometimes possible by modifying the environment in a specific 
fashion to produce a developmental effect — a phenocopy — very similar 
to that of a genic difference, and thus to gain a clue as to the means by 
which the genic difference itself is determined. 

At best, the problems in this field are exceedingly difficult, and only 
tentative beginnings toward their solution have yet been made. In 
the following pages there are described a few of the developmental differ- 
ences which have been studied by the methods here described. 

The Development of Size Differences. — The genetic basis of size 
differences, in body or organ, is usually difficult to analyze, since many 
genes, similar in activity, seem to be involved. Developmentally, 
however, such differences are among the easiest to study for they can 
be accurately described by measurement and their progressive changes 
thus quantitatively determined. 

Differences in size are evidently only differences in amount of growth, 
and the whole problem of the genetic control of size involves the genetic 
control of growth in general. The size to which an organ or organism 
grows may depend upon (1) the initial size of the egg, primordium, or 
embryonic capitar^ from which its growth begins; (2) the rate at which 
it grows; or (3) the length of time during which growth continues. Each 
of these may be controlled by gene action. 

1. Embryo Size . — In the discussion of heterosis (p. 285) attention 
has been called to the part that embryo-size differences may play in 
causing final size. With the same rate and duration of growth, one 
primordium twice as large as another will grow into an organ twice as 
large. The significance of initial size can well be seen in the growth of 
fruits. Miss Houghtaling found that in the earliest distinguishable 
flower primordia in tomatoes, the ovary was markedly larger in races 
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where it develops into a large fruit 10 cm. or more wide (as in most 
commercial varieties) than in the currant type, where the mature fruit 
is only about 1.2 cm. wide (Fig. 136). In the various races of CucurUta 
pepo (the squashes and certain gourds) which differ so greatly in fruit 
size that the large races may have fruits more than 500 times the volume 
of the smallest ones, the very young ovary primordia at the same rela- 
tive stage of development also show marked size differences. In maize 
and other plants differences in the size of the embryo in the seed have 
been shown to affect plant size at maturity, at least to some degree. 

The variation in early size must be due to earlier differences in growth 
rate, and there is evidence that such differences sometimes persist for 
only a limited time. Certainly what happens in these very earliest stages 
is of critical importance in the development of many traits. That dif- 
ferences in growth rate actually do appear almost at the beginning of 



Fig. 136. — Flower primordia of a small-fruited (left) and of a large-fruited (right) race 
of tomato, showing comparative organ sizes at the same stage of development. X 90. 
(From Houghtaling.) 

development is well shown by the results of Gregory and Castle, who 
found that only 40 hours after fertilization the embryos of a race of 
large rabbits were bigger than those of a smaller race. In general, 
however, little is known as to the establishment of these important initial 
differences. 

2. Rate of Growth . — The most obvious mechanism by which genes 
might affect size is through a control of the rates of growth, and such 
control has been shown in a number of cases. The male of Drosophila, 
for example, develops more slowly and emerges from the pupal state 
somewhat later than the larger female; the legs of Ancon sheep grow 
more slowly than those of normal ones so that the adults have the char- 
acteristic short-legged body form which behaves as a single-gene difference 
from normal; creeper fowls, also with very short limbs, owe their 
difference from normal to a reduction in general growth rate at the time 
the limbs are growing most rapidly. Doubtless many inherited size 
differences are due to such genic effects on growth rates. In many cases, 
however, where the growth rates of large and of small organs have been 
measured, they have been found to be remarkably similar. Thus a 
large pumpkin and a small gourd may have essentially the same growth 
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rate, their differences in size being due to differences in initial size, or in 
duration of growth. 

3. Duration of Growth , — In general, larger animals and plants tend to 
have a longer growing period than smaller ones. Dwarf ness is often the 
result of a relatively early stoppage of growth. The effect of a gene 
producing dwarfism in mice has already been described. Here the gene 
affects primarily the amount and rate of production of a growth-regulating 
hormone in the anterior pituitary gland (p. 116). Animals pure for 
this gene stop growing at two or three weeks of age, w^hile their normal 
litter mates continue to grow for several months longer. 

Variations in size among plants may be due to a similar cause. Tall 
races (among annuals) in general are those that continue growing for a 
relatively long period before being checked by the development of flowers 
or by some other physiological factor. Genes that affect time of flowering 
or the position of the inflorescence may thus markedly influence size. 
In beans, a single gene affecting the differentiation of organs at the grow- 
ing point determines whether the flowers are axillary or terminal. In 
the former case the vine keeps on growing until checked by external 
conditions and produces the tall, climbing type of plant. In the latter, 
the flower cluster stops terminal growth and a short, bushy plant is the 
result. 

Cellular Basis of Size Differences— DiSerences in size of an organ or 
organism may also be analyzed into differences in the size of its constit- 
uent cells. Thus Painter found no differences in cell size between large 
and small races of rabbits but a profound one in cell number. Large 
leaves, fruits, and other plant organs usually contain many more ceils 
than do smaller ones. Differences in cell number are evidently due either 
to differences in rate of cell division or (probably more commonly) to 
differences in duration of mitotic activity. 

Cell size, however, is by no means without importance in determining 
organ and body size. Tetraploid plants, especially autotetraploids, 
tend to be noticeably stouter and to have larger leaves and flowers, than 
diploids. These differences are clearly associated with a cell volume 
averaging about twice as great as in the diploid (Fig. 137) and this, in 
turn, results from a doubled chromosome number and larger nuclei. 
Haploid plants, in the same way, are smaller in all their parts than diploid, 
and are composed of cells of about half the diploid volume. Such dif- 
ferences have been reported in Datura, maize, tomato, and many other 
seed plants and are also conspicuous in the extensive polyploid series in 
mosses studied by von Wettstein. 

Cell size and body size may be affected by differences in chromosome 
mass aside from polyploidy. In Drosophila, Dobzhansky found that 
each small bristle on the wing corresponds to one cell, so that by counting 
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the number of bristles in a measured area it is possible to calculate the 
average size of the individual cells. By this means he found that the 
reduced size of wings in the mutant ''miniature'’ is due chiefly to decrease 
in cell size. He also showed, by comparing cell sizes in males, females, 
triploids, supermales, superfemales, and intersexes (among which there 
are marked differences in chromosome number and volume) that ceil 
size in general increases with increase in amount of chromatin. Such a 
result does not hold for all organisms, apparently, for Goldschmidt found 
that in races of Lymantria differing considerably in chromatin mass there 
were no significant differences in cell or body size. 

Aside from these instances where cell size is related to chromosome 
number or volume there are many others, especially in plants, in which 





Fig. 137 . — Cross sections of flower stalks of haploid (A), diploid (B), and tetraploid (C) 

plants of Datura. 

it seems to depend on ordinary genic differences. Thus among the 
many races of Cucurbita pepo, wdiieh differ greatly in fruit size, there are 
very considerable differences in cell volume, the cells of the fruit wall at 
maturity ranging from 300,000 cubic microns in some races to about 
twenty times that volume. Cucurbit fruits well illustrate the importance 
of cell size in plant development for there is often an increase of about 
10,000 times in cell volume between the tissues of the tiny ovary pri- 
mordiiim and the tissues of the mature fruit. In extreme cases this 
difference may even reach 100,000 times. In the early stages of develop- 
ment, until about the time of flowering, cell multiplication occurs, and 
the number of cells is determined. Division now ceases and cell expansion 
takes place. The extent of both cell division and cell expansion is 
important in determining fruit size. Both are clearly inherited, and 
they seem to be independent of one another genetically. The effects of 
single genes have as yet been sbown in only a few such traits, since most 
of them seem to be governed by multiple genes. 
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The Development of Shape Differences. — The possession of a specific 
form, both of the body as a whole and of its component parts, is one of 
the most distinctive features or organisms. These forms are clearly 
under the control of genes, and they provide some of the most familiar 
examples of Mendelian heredity. The single gene difference between 
spherical and disk fruits in squash; between spherical and pear-shaped 
fruits in tomato; between lobed and entire leaves in Japanese morning- 
glory; between single, rose, and pea combs in poultry; and between the 
many wing forms in Drosophila may be cited. The mechanism by which 
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Fig. 138. — Segregation of a single-gene difference in relative rate of growth of fruit 
length and width. An F 2 from a cross between two pure lines of Lagenaria, in one of which 
length grows relatively fast and in the other relatively slowly, in comparison to width. 
The eight plants at the left show the dominant growth ratio, the three at the right, the 
recessive. Both are plotted logarithmically. 

form differences are determined involves the development of form in 
general, and this in turn is closely related to the whole problem of organi- 
zation and organic correlation, as to the control of which very little is 
known. 

In the simplest cases, where the dimensional relationships of a single 
organ are involved, a developmental analysis is not difficult. Cucurbit 
fruits differing in shape have been measured from their earliest visible 
primordia to maturity and the origin of these shape differences thus 
observed. The relative rates of growth of the various dimensions are 
often unequal and are found to be constant over long periods and there- 
fore to produce a constantly changing form. Thus in the “ Club gourd, 
length constantly grows faster than width for most of its development, so 
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that the shape changes from almost isodiametric in the smallest pri- 
mordium to one that is about fifteen times as long as wide in the mature 
fruit. In other races, on the contrary, growth in width exceeds that in 
length by a constant amount. The ratio between the two dimensional 
growth rates does not change and may be expressed by a constant, a, the 
ratio of the two logarithmic growth rates to each other. ^ Experiment 
indicates that it is this ratio, rather than any particular ratio between 
dimensions, that is genically controlled (Fig. 138). The duration of the 
period of unequal growth rates may be brief, establishing a shape for 
the young ovary which then persists through later development when 
growth is uniform in all dimensions; or it may continue much longer. 
Such differences in dimensional growth rates occur primarily during the 
period of cell division and are related to constant differences in the plane 
in which the cells divide. This, in turn, is evidently one manifestation 
of cell polarity. The genic control of shape in such cases therefore seems 
to be exercised through a control of cell polarity. Less commonly, 
dimensional changes are associated with modification of cell shape during 
the period of cell expansion. 

These relatively simple form changes arising from constant differences 
in relative dimensional growth rates are common throughout animals 
and plants. The genic mechanisms by which they are controlled are far 
from clear. Hormone action, differences in electric potential, and various 
other means for producing inequalities on growth have been suggested, 
but our ignorance in this field is still almost complete. 

More complex form differences involve changes, not in a single organ, 
but in the relative growth rates of two organs or parts, by which the 
general bodily pattern is altered. Here again it is commonly found 
that although two such parts are growing at different rates, the ratio 
between these rates is constant, so that a constant and predictable change 
in form occurs during growth. This is the general phenomenon of allom- 
etry to which attention has been particularly directed by Huxley, 
Teissier, and others. A well-known example is that of the crab, Uca 
pugnax, where the large claw grows faster than the rest of the body so 
that the ratio of claw to body changes as the animal grows. Here again 
the ratio of the two growth rates is constant. Many similar examples 
could be cited from animal and plant development. Allometric growth 
is merel}?' the old problem of organic correlation expressed in more pre- 
cise terms. These constant growth relationships are clearly inherited, 
but here, too, we have little information as to how genes control them 
except that the control is exercised over the whole system or body. 

^ In the formula of simple allometry as stated by Huxley and Teissier, where 
y = bx^. In the present case, x and y are dimensions, h is the value of y when x — 1, 
and a is the growth ratio. 
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A third type of form determination is still more complex. Many 
genetically controlled differences are sharply localized and involve dif- 
ferences in the size of specific parts. Changes in the size of wing, eye, 
and bristles in Drosophila and in the length of legs in Ancon sheep, of 
the tail in mice, and of the ears in rabbits are familiar examples from 
animals. Differences in the size of leaf, flower, and fruit are similar 
examples from plants. Here the specific part is altered but the whole is 
little changed, so that, unlike the types of form change previously dis- 
cussed, the genes seem to have a local rather than a general effect. 

Careful developmental studies, however, show that such a conclusion 
may be too hasty and that even here the genic influence is not a purely 



Fig. 139. — Photographs at same magnification of embryos of normal chicken (left) 
and homozygous Creeper (right) at 72 hours of incubation to show delayed growth of the 
Creeper, which is about to die. {From Landauer,) 

local one. In the case of the ^tCreeper^^ fowl, for example, the legs (and 
to a less extent the wings) are much shortened in comparison with the 
normal, apparently a localized effect of the single dominant mutation 
which differentiates creeper from normal. 

The embryoiogical studies of Landauer however have shown that 
this mutation has not one but many effects in all parts of the body and 
that the several effects are consequences of a retardation of growth which 
occurs in the early embryo. Embryos homozygous for the creeper muta- 
tion usually die at the end of the third day of incubation (Fig. 139). As 
early as at 36 hours they fall behind the normal in growth, and the hind 
limbs which, in the normal are growing rapidly at this time, fail to grow in 
the homozygotes. Rarely a homozygote lives until a later embryonic 
period; such animals are smaller than normal, have only rudiments of the 
hind limbs, and show abnormalities of head, eyes, and other parts (Fig. 140). 
A study of the various parts shows that they deviate from normal in the 
order of their normal growth potencies during the earlier period of retarda- 
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tion. The parts which in the normal are growing most rapidly at that 
time are most abnormal in the homozygote. 

In the heterozygotes the differences in limb length and proportion 
are established in the early embryo, at least before the seventh day, and 
thereafter the different bones grow at about the same relative rates so 
that the altered growth pattern appears to be a result of the retardation 
suffered in the earlier period. 

That this effect of the Creeper mutation is of a general nonspecific 
character is indicated by the experiments of Fell and Landauer who 
induced Creeper characters in early normal limb rudiments by growing 
them in culture media with abnormally low nutri- 
tive content. The apparently localized character 
changes are thus due to a general effect of the 
mutation on growth and metabolism. 

In some cases a mutation disturbs some 
organic correlation or form dependence, as in the 
case of the Brachyury or short-tailed mutant type 
in the mouse. Here the shortness of the tail in 
the heterozygote is due to the absence of the 
posterior part of the notochord. In the absence 
of notochord the neural tube does not develop 
normally and the somites, which first differentiate i^o.—A homo- 

independently, fail to persist; so that the tail distal which has lived beyond 
to the end of the notochord degenerates before lethal period, shoTdng 

1 PI* marked changes m legs 

birth (Fig. 141). Embryos homozygous lor this (only toes showing), wings 

mutation lack normal notochord and somites and 

the neural tube is markedly abnormal, buch 

embryos always die at the end of the tenth day of development. Chesley 
has shown that this mutation affects fundamental form relations of a more 
general nature than the apparently local effect of the mutant would 
indicate. 

In such cases as these, the genes evidently control what are sometimes 
called organizers or “morphogenetic fields, those general develop- 
mental patterns or schedules that are specifically associated with a given 
genotype. As our knowledge of the operation of these relationships 
increases, we shall be in a better position than now to determine just 
how they are affected by genic differences. 

The Development of Color Differences in Animals.— The mechahisms 
through which genes produce their effects must obviously involve, at 
some stage in the chain, chemical precursors which differ in different 
genotypes. Some differences of this sort have been demonstrated by 
recent work on mutant genes affecting the development of color in 
insects. . 
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Eye Color in the Flour Moth. — In the European flour moth, Ephestia 
Kuhniella, Kuhn and his co workers have found mutant genes which 
affect the colors of various parts of both the larva and the adult. The 
differences brought about by one such gene substitution are shown below : 


Character affected 

Color in wild 
type AA or Aa 

Color in 
mutant aa 

j\f|ii1t eyes 

Black 

Red 

Adult brain 

Dark brown 

Pale red 

Adult testes . 

Brown-violet 

Colorless 

Ijarval skin 

Reddish 

White 

Larval eyes 

Much pigment 

Little pigment 



Caspar! transplanted the testes from A A or A a larvae to those of the 
mutant type aa. The grafts retained their dark color and caused certain 
of the characters of the aa host to develop the A phenotype, that is, aa 
imagoes with A testes implants had black instead of red eyes; the testes 
and brain of the host resembled those of the wild type to a greater or 
lesser degree, and if the transplantation was made into early aa larvae, 
the larval skin and larval eyes in later molts assumed the A characters. 
Similar results were obtained by implanting ovaries or brains from A 
to aa larvae. In the reciprocal type of transplantation, aa brain and 
testes implanted into A larvae assumed A characters. Homotransplanta- 
tion of A tissue to other A larvae or aa tissues to other aa larvae showed 
that the changes described above were not due to the operation or injury 
to tissues. 

Ktihn and his associates assumed that a substance contained in cer- 
tain implanted tissues of genotype A A or Aa could produce their char- 
acteristic effects in host tissues which did not contain this gene. Since 
the substance was diffusible and separable from A tissues by extraction 
with alcohol and with acetone they called it A hormone. An interesting 
proof of the dependence of the A characters on a circulating substance 
which A animals lack was obtained by implanting A tissue into aa 
females which were then bred to aa males. This cross would normally 
produce larvae with the a characters— colorless skin, little pigment in 
eyes, etc. But larvae from the a mothers with implanted A tissues pro- 
duced larvae with the A characters. One route by which the gene A 
produced its effects on many tissues was thereby disclosed. The actual 
chemical nature of the effective substance has not yet been discovered. 

Eye Color in Drosophila. — A chain of reactions involving at least two 
different substances concerned in producing the wild-type eye color in 
Drosophila has been demonstrated by Beadle and Ephrussi. In dipterous 
insects many of the structures of the adult or imago, such as the compound 
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eyes, legs, and wings, develop from anlage which are formed within the 
late embryo or early larval stages. These anlage are known as iniaginal 
disks. In Drosophila the imaginal disk of the compound eye can be 
transplanted from one larva to another and then can continue its develop- 
ment in the body cavity of the host. When the host has undergone 
metamorphosis and has emerged as an imago, the implanted eyes can 
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Fig. 142.-— Diagrammatic representation of the results of eye transplantation in 
Drosophila. Shaded circles indicate autonomous development; for example, brown (Jbw) 
disks transplanted into wild-type ( +) larvae, develop brown color. Black circles indicate 
nonautonomous development of pigmentation. Circles half black and half shaded indicate 
that the resulting implant is intermediate in color. {From Beadle and Ephrussi,) 

be dissected out from the body cavity and their color characteristics 
observed. The colors of intact eyes are apparently not altered by the 
operation itself or by development within the body cavity. 

When eye disks are taken from larvae of races with mutant eye colors 
(white, peach, pink, carmine, etc.) and implanted into wild-type larvae, 
or the reverse, the disks usually develop aiitonGmously (Fig. 142)^ that 
is, they produce eyes with the color of their own genotype and are not 
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affected by the genotype of the host. There are, however, two important 
exceptions. Eye disks from larvae with the mutant gene verinilioii 
implanted into wild-type larvae develop not vermilion but wild-type 
color. Similarly, eye disks from larvae with the iiiiitaiit eye-color gene 
cinnabar (an eye color like vermilion) implanted into wild-type larvae 
develop wild-type pigmentation. In both cases something from the 
host has caused the implant to develop a phenotype corresponding not 
to its own genotype but to that of its host. Beadle and Ephrussi have 
assumed that the vermilion and cinnabar mutant flies each lack some 
substance which is an essential link in the chain of reactions leading 
to the formation of the wild-type eye pigment, that the eye anlage 
remain sensitive to such substances and that, in the cases just quoted, 
the essential substance has been supplied to the anlage from the body 
fluids of the host. 

It has been shown that the substance that is lacking in the vermilion 
eye is not the same as the substance that is lacking in the cinnabar eye. 
When eye disks from vermilion larvae are transplanted into cinnabar 
larvae, the implants develop wild-type pigmentation, showing that the 
cinnabar host supplies what is lacking in vermilion. However, when eye 
disks from cinnabar larvae are transplanted into vermilion larvae, the 
implants develop cinnabar pigmentation; vermilion does not supply what 
is lacking in cinnabar. It appears then that two substances are lacking 
in vermilion, that one is lacking in cinnabar, and that both are present 
in the wild type. Other observations show that the second of the sub- 
stances (the one that cinnabar lacks) is produced only when the first is 
present, that is, one substance acts as a precursor of the other. Thus 
have been demonstrated two related links in a chain of reactions leading 
to the development of wild-type eye color, and this chain has apparently 
been broken at an earlier point by the mutation to vermilion, at a later 
point by the mutation to cinnabar. 

As in the case of Ephestia, these substances affected by gene mutation 
in Drosophila are of the nature of hormones; they am heat stable, diffusi- 
ble, and dialymbie. 

Interestingly enciugh, the substances assumed as members of the 
normal eye-color reaction chain are not species specific. The Drosophila 
substances are found in several other invertebrates and extracts of 
Ephestia A hormone cause the development of wild-type eye color in the 
Drosophila cinnabar eye (Becker and Plagge). Extracts from aa 
Ephestia, however, are without effect on cinnabar, and it is assumed that 
the mutation from A to a in Ephestia has broken the eye pigment leac- 
tion chain at or before the same point as the mutation from wild type t() 
vermilion ill Drosophila, that is, at a stage previous to the formation ol 
the precursor of the substance which is lacking in cinnabai. 
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(6 days) 


These two cases reveal one of the mechanisms through which genes 
exert their effects on the adult characters. Diffusible substances like 
hormones have been shown to play a large part in the control of develop- 
ment ill vertebrates; the same type of evidence is now available for cer- 
tain insects, and the effects of auxins on determination of growth, size, 
and form in plants are now becoming known. The production and 
specific character of such hormone-like substances have been shown in 

other cases, for example the dwarf mutant 

Numbera i i • 

in the mouse, to depend upon particular 
genes. 

In other cases differences in eye color 
seem to be due to differences in the rate of 
chemical change. In the brine shrimp, 
Gammarus chevreuxi, the wild-type animals 
have black eyes. A mutant race with red 
eyes differs from wild type by a recessive 
gene. The red gene appears to act, as 
Ford and Huxley have shown, chiefly by 
slowing down the rate at which the black 
pigment melanin is formed in the eye. 
The wild-type eye, which is black at 
hatching, is itself red before hatching but 
darkens very rapidly; the red-eyed variety 
darkens much more slowly; while several 
other genes affecting the darkness of the 
eye do so by changing the rate of melanin 
deposition (Fig. 143). Similar retarda- 
tions in rate may be brought about by low 
temperature. The action of certain genes 
in Drosophila may possibly be interpreted 
in the same way, and it is well known that in man, for instance, the eyes of 
brown-eyed children are blue at birth and darken with age, reaching the 
final state at different ages. In these cases the genes may be considered 
as affecting primarily the rates of developmental processes and second- 
arily the times at which various reactions are set in motion. 

Effects of Genes on Chemical Components in Plants. — Genic control 
over various characters in plants is often more direct, that is, the reaction 
chain connecting the gene and its visible effect seems often to be shorter 
and simpler, than in the more complex animal organism. This is well 
illustrated by the effects of genes on specific chemical constituents in 
plants. One of the most direct relationships has been shown by Brink's 
study of the effects of the recessive waxy gene in maize which controls 
the character of the carbohydrate in pollen, embryo sac, and endosperm. 
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Fig. 143. — Frequency polygons 
of a red-eyed family of Gammarus 
segregating for rapid and slow 
darkening of eyes classified at inter- 
vals from G to 14 days of age. 
Individuals on the right are those 
whose eyes darken rapidly; those 
on left darken slowly. {From Ford 
and Huxley.) 
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Ordinarily, maize pollen stains blue with iodine, but pollen from waxy 
plants stains reddish brown. A normal plant heterozygous for waxy 
produces two kinds of pollen grains: half with the normal gene, which 
stain blue; half with the waxy gene, which stain red-brown with iodine, 
showing that the waxy gene affects directly the kind of carbohydrate 
in the pollen. The biochemical studies of Brink have made it very 
probable that a primary effect of the waxy gene is on the production 
of an enzyme (amylase) slightly different from that produced by the 
nonwaxy gene. The sugars from which the starch is built are the same 
in both waxy and nonwaxy pollen, but the two enzymes catalyze slightly 
different reactions, so that the same components become organized into 
slightly different compounds, one of which (waxy starch) gives the red- 
brown reaction; the other (normal starch), the usual blue with iodine. 
The waxy starch also is broken down more slowly under the action of its 
enzymes, and the waxy pollen tubes probably grow more slowly for this 
reason. The direct effect of this gene is thus upon the character of an 
enzyme which may secondarily change the speed of specific reactions. 

An apparently direct effect of a gene on a chemical component of plant 
cells has been brought to light by Mangelsdorf and Traps. The differ- 
ence between yellow, F, and white endosperm, y, in maize is known to 
be determined by a single pair of genes. Yellow corn is also known to be 
much richer in vitamin A than white corn and this difference is deter- 
mined by the yellow-white pair of genes. Because of the triploid nature 
of the endosperm in maize, it is possible to obtain by proper crosses maize 
seeds with endosperm of composition yyyj yyY^ yYY^ and YYY or with 
0, 1, 2, and 3 yellow genes, respectively. Seeds of these four sorts, fed 
to rats according to a standard technique for estimating vitamin A units, 
proved to contain approximately, 0, 2.25, 5.00, and 7.50 units of vitamin 
A per gram. The amount of vitamin A was thus directly proportional 
to the number of Y genes, which shows that F is directly responsible for 
the formation of vitamin A and makes it unlikely that F itself acts as an 
enzyme, since such direct proportionality is not a usual feature of enzyme 
action.'; 

Plant Colors . — The most extensive chemical studies of the effects of 
genes on colors have been carried out by Wheldale (Mrs. Onslow), 
Scott-Moncrieff , and others. The colors of flowers, fruits, autumn leaves, 
and some generally distributed colors are due chiefly to soluble pigments in 
the epidermal cells. Those which are responsible for the various shades 
or mixtures of red and blue (pinks, purples, magentas, lavenders) belong 
to the group of pigments known as anthocyanins. These are compounds 
of carbon, hydrogen, and oxygen, all containing a pyrene ring differing 
in the number of hydroxyl groups in the molecule. Many pure antho- 
cyanins have been isolated in crystalline form. All give blue salts with 
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alkalies and red salts with acids. The yellow and ivory colors are due 
to anthoxanthins which belong to a related group of pigments known as 
fiavones and flavonols, also derived from sugars with different molecular 
structure. It is probable that in the plant the anthocyanins arise from 
flavonols by loss of oxygen (reduction). The genes affecting flower color 
apparently do so by altering the chemical constitution, distribution, 
relative amounts, and degrees of oxidation of these pigments, and the 
relative acidity of the medium. Interactions between genes affecting 
these basic chemical conditions have been shown to produce a wide 
variety of colors in Antirrhinum, Primula, Pelargonium, and other plants. 
Occasionally a mutant change in flower color can be shown to be due to a 
relatively simple change in the anthocyanin nucleus as in the difference 
between rose-pink and salmon-pink in Pelargonium zonale which Scott- 
Moncrieff has shown to be due to the substitution of hydroxyl for hydrogen 
at the same position in the molecule. Since many of the changes in such 
chemical components are catalyzed by specific enzymes, it is possible that 
genes affecting flower color do so by controlling the character of enzymes. 

Effects of the Genotype on Viability. — Most mutative changes are 
accompanied by changes in viability, and this may be taken as evidence 
that the genes directly affect vital processes. This has already been 
emphasized for new gene mutations (p. 296) for deficiencies (p. 335) which 
are nearly always lethal when homozygous, and for various chromosomal 
changes such as translocations which are often accompanied by lethal 
effects. The recognition of lethals as of frec[iient occurrence among 
both natural and induced mutations indicates that normal or ^Svild-type^’ 
viability depends on the presence of most, or all, of the genes in normal 
condition. Yet the appearance of all intergradiiig conditions between 
complete lethality in the earliest stages of the zygote and reduced viability 
or life length of the developed animal or plant shows that lethals consti- 
tute no sharp or absolute category but that most changes of the genotype 
share in this effect. 

There is some evidence that the stage at which development is termin- 
ated depends in a rough way on the degree of modification of the geno- 
tjT-pe, Poulson compared the effects of several deficiencies in Drosophila 
varying in extent from complete absence of the X chromosome (nullo-X) 
through absence of half of the X to absence of a short section of this 
chromosome (Notch deficiency). In the first case development stopped 
before the formation of the blastoderm, in the last case after complete 
formation of the embryo, and in the second at an intermediate condition. 
Demerec, however, has shown that not all loci in the chromosome are 
of equal iinportance; deficiencies for most X chromosome loci act both 
as zygote lethals and as cell lethals, that is, cells lacking one of these loci 
die. But some deficiencies do not act as cell lethals, showing either that 
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such loci do not have such important effects on vital processes or that 
their contributions to such processes are carried out as well by other 
(duplicated or repeated) loci. Although it may be in general true that 
the larger the change the earlier and more severe may be its lethal effect, 
it is probable that different loci contribute unequally to the processes 
controlling viability. 

We learn relatively little from the mere occurrence of viability effects, 
however, concerning how the genes actually produce these effects. 
Descriptive and experimental studies on developing mutant forms show 
that in some cases a form dependence or organizer relation is changed 
(as in the short-tailed or tailless mouse). Here Ephrussi (1933) has 
shown that some of the tissues of the lethal embryo (homozygous for 
the short-tailed mutation, TTj p. 375) can survive and grow in tissue 
culture, while Baltzer and Hadorn’s studies of hybrid merogones in 
Triton show that certain parts of a lethal embryo will live and differentiate 
if transplanted to a normal embryo, while the head mesenchyme, a tissue 
of local importance in development, fails to do so. Death of the whole 
is thus due to a disturbed growth correlation, but since the correlation 
of the whole depends upon' the important role played by one part, it 
becomes very difficult to distinguish between disturbed correlation and 
a deficiency of a specific part. 

In a few cases it has been shown that, even after a part has been 
developed, its viability and future differentiation depend upon a specific 
genotype which may be altered by mutation. Thus in the short-tailed 
mouse (p. 376) the tail develops in the embryo, but the part posterior to 
a constriction which appears early in embryonic life degenerates and is 
resorbed. Similarly Goldschmidt has shown that certain of the mutant 
forms in Drosophila which as adults show scalloping or absence of parts 
of the wing, actually develop fully formed wings in the pupae; thereafter 
parts of the wing undergo degeneration. Similar phenotypes are pro- 
duced by heat treatment of the larvae, and Goldschmidt believes that 
dedifferentiation or reverse processes of a pathological nature are set in 
train by the mutant gene in one case and the temperature shock in the 
other and that the earlier these begin in development the greater is the 
effect. 

In these and other instances it is possible to suppose that the mutant 
gene fails to carry some essential process to completion. Wright has 
given reasons for supposing that recessives in general show some loss or 
inactivation of function as compared with dominant or wild-type genes 
and characterizes such mutants, which include the majority of natural 
mutations, as less efficient than their' wild-type alleles. They thus pro- 
duce little effect when heterozygous, that is, they are recessive, and lead 
to decreased viability when homozygous. 
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Genic Balance.—That a given trait is due not to a single gene alone 
but to the interaction of many or all of them is shown by the fact of 
genic balance, well illustrated by the relationship between heteroploidy 
and plant characters in Datura (p. 327). In this plant many mutant 
types are known which depart from normal in various ways affecting all 
parts of the individual. These types have been found to be associated 
with characteristic changes in the ratios between the different kindvS of 



Fig. 144. — Genic balance in Datura as shown by an anatomical character, the area 
of the pith (in square millimeters) in the flower stalk. Vertical line, mean area of diploid. 
Areas of primary (solid) and secondary (dotted) mutants (and of polyploid series) shown 
by ends of horizontal lines. 

chromosomes. The wild type has 12 pairs of chromosomes. When the 
members of any one pair are in excess, certain characters in all plant 
parts regularly differ from this normal type. The differences produced 
are characteristic of the particular chromosome which is in excess and 
which thus modifies, in one direction or another, the normal genic balance 
exhibited by the diploid. The latter is essentially the average of the 
effects of all the chromosomes. Thus, for a given trait, the condition of 
the diploid is the average of the conditions of the 12 primary mutants, 
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each of which has one extra member of one of the chromosome sets 
(Fig. 144). 

In the haploid, diploid, triploid, and tetraploid types, however, there 
are, respectively, 12 single chromosomes, 12 sets of two, 12 sets of three, 
and 12 sets of four. Here the proportional representation of each kind 
of chromosome is the same, and the plants have the same general set of 



Fig, 145. — Chromosome mutants and chromosome balance in Datura, as shown by 
differences in capsule form. Above, at left, the normal diploid type, from plant with 
twelve pairs of chromosomes. Below (left) the mutant “Globe,” in which one set of 
chromosomes has three members, thus upsetting the normal balance. The effect of this 
particular chromosome set is evidently to flatten the capsule, for the addition of an extra 
chromosome to it results in a flatter capsule than the normal. The addition of two extra 
chromosomes (as shown to the right of this) flattens the capsule still further. 

Above, at right, a capsule from a tetraploid plant, which has four chromosomes in 
each set, instead of the normal two. The balance between the twelve sets is thus main- 
tained and there is little difference from the normal in capsule form. The results of the 
addition of one, tw'o, and three chromosomes to the globe set are shown below. It is 
evident that the change produced by each additional chromosome is less than it is in a 
corresponding diploid plant, presumably because the number of chromosomes is greater, 
the contribution of a single chromosome is less in proportion to the whole, and the balance 
is therefore less upset. (From Blakeslee.) 

characters as the diploid or wild type. The balance has not been 
disturbed. 

The effect of balance is further shown where the proportional relations 
are changed in the more complex heteroploids. When a particular one 
of the chromosome sets has 3 members, the other sets still having only 
2 each (a 2n + 1 or trisomic plant), the group of characters constituting 
the type Globe appears. If there are 4 of these Globe chromosomes 
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and 2 members in each of the other sets (2n + 2), all the Globe charac- 
ters are enhanced, that is, they depart from the normal in the same direc- 
tion but to a greater degree, than in the 2n + 1 Globe. If in a tetraploid 
an extra Globe chromosome is present, the departure from the wild type 
is not so marked as in the 2n + I Globe, for now there are 5 Globe chro- 
mosomes to 4 of each of the others. A tetraploid with 2 extra Globe 
chromosomes, however, shows an accentuation of the Globe characters 
equivalent to that in the 2n + 1 type; and a tetraploid with 3 extra 
Globe chromosomes shows nearly as extreme a departure in the Globe 
direction as in the 2n + 2 type. The effects of such extra chromosomes 
on one character — capsule shape — are shown in Fig. 145. The ratios 
between the numbers of Globe chromosomes and all others are shown 
in Table XXX. 


Table XXX 


Type 

Number of 
Globe 

chromosomes 

Total number 
of other 
chromosomes 

Ratio 

Appearance of 
Globe character 
-f- = exaggeration 
— = decrease 

Diploid 2n 

2 

22 

1: 11 

Wild type 

Triploid Zn 

3 

33 

1:11 

Wild type 

Tetraploid 4.n 

4 

44 

1:11 

Wild type 

Globe 2n + 1 

3 

22 

1: 7.3 

Globe 

Globe 2n + 2 

4 

22 

1: 5 . 5 : 

Globe 4- -j- 

Globe 3n + 1 

4 

33 

1: 8.2 

Globe - 

Globe 4rt + 1 

5 

44 

1: 8.8 

Globe — 

Globe 4n + 2 

6 

44 

1: 7.3 

Globe 

Globe 4w -f 3 

7 

44 

1: 6.3 

Globe 4- 


The degree of departure from the wild type in all these cases is thus 
correlated with the ratio which this chromosome bears to the other 
chromosomes. A similar dependence of the sexual characters of Dro- 
sophila upon genic balance has been illustrated in another connection 
(p. 261). 

Parallelism between Environmental and Genic Effects.~In the 
investigations thus far discussed attempts have been made to discover 
something of the nature of gene action by comparing development in 
individuals of unlike genic constitution. This method is useful in making 
clear just what developmental processes and resulting characters are 
affected by gene action and how great this effect is, but it has yielded 
less information as to how the effects are produced. 

Another method of studying this perplexing problem is through an 
attempt to imitate the effect of genic action by changing the environment 
in a specific way. Where this can be accomplished, it provides at least 
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a suggestion as to the mechanism of the genic control of development. 
Some success has attended such efforts with a number of organisms^ but 
the results of Goidschniidt and others on the effect of temperature shocks 
during. development in Drosophila are especially noteworthy. By sub- 
jecting larvae to a relatively high temperature (35™37''C.) for from 
6 to 24 hours at ages of from four to seven days, Goldschmidt was able 
to produce a high percentage (sometimes up to 100 per cent) of adults 
which resembled very closely certain known mutants. The genetic con- 
stitution of these flies wms unchanged, as later breeding experiments 
showed, but their developmental history seemed to be identical with one 
or another of the forms known to result from gene mutations. The 
action of the environment here is specific, for with a given racial stock, 
larval age, duration of exposure, and intensity of heat, a specific type 
tends to be produced in a high proportion of individuals. These environ- 
mentally produced imitations of gene mutants Goldschmidt has termed 
phenocopies. Some of the more important, together with conditions 
leading to their production, are shown in Table XXXI. 


Table XXXL — Production of Definite Phenocopies under Typical 

Conditions 


Phenotype „ 

Age days 

e 

Exposure, 

hours 

Optimum 
per cent of 
phenocopies 

Scalloped 

4H-5M 

6-7 

35 

12-24 

70' 

Curly " . 

35-37 

i ' 18-24 

76 

Ski.: 

6^6 

5H 

5~7 ' 

36-37 

12 

43 : 

Spread 

35 

18-24 

91 

Curved 

36 

18 

23' 

Dumpy. 

5 

1 36 

12 

34 

Lancet 

7 

36-37 

18 

22 

Miniature. 

5-6 

36-37 * 

12-18 

/' ,40 ■ 

Rlistered 

36 I 

■ IS ■ " ' 

■ 'TO 

Rolled.. ........... 

7 

35-37 

18-24 

40 

Trident. 

7 

35-37 

6-24 

82 

Eye size 

7 ■ . 

37 

18 

100 

Horns . 

35 

24 

■-.A : 

Reniji;!! ... 

W2 

35 

18-24 

: 75 ' 




Not only are single mutants copied, but series of grades resembling 
all types of known multiple alleles. Modification of given gene mutants 
may be made in the same way. Thus by exposing vestigial-winged stock 
to a -wide temperature range (14-30,9°C.) a series of progeny was produced 
with varying wing sizes from almost wingless to almost normal, closely 
resembling a c|uantitative allelic series. Similarly, increased temperature 
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reduces eye size, for flies with Bar eyes grown at high temperatures have 
an eye size as small as those with Ultrabar eyes grown at a lower tempera- 
ture, the temperature effect clearly paralleling the genic one (Fig. 146). 

One important result of these experiments has been to show that for 
many effects there is a very limited sensitive or critical period — sometimes 
only a few hours long — during which the effect is determined. A change 
in temperature applied before or after this period is without effect. This 



Fig. 146. — Parallelism between effect of increased temperature and of Bar genes in 
reducing eye size in Drosophila. 1 and 2, wild type; 3, 4, 5, and 6, Bar; 7, 8* and 9, 
Ultrabar. (From Hersh.) 

suggests that during such critical stages in development there exist 
alternative paths of growth and differentiation which lead to different 
character effects. Gene differences, like environmental ones, may deter- 
mine which path is to be followed. 

Thus in the case of some of the mutants at the vestigial locus in 
Drosophila, the wing bud develops normally up to a certain point, but 
after this time parts of the wdng degenerate and produce the shortening 
and scalloping which characterize the vestigial series (Fig. 147). In the 
more extreme modifications the degenerative process appears to set in 
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earlier; in less extreme ones, later. This parallels the action of environ- 
mental factors whose effects depend upon the time when they are applied. 

Genes and Rates, ffhe fact that temperature changes during 
development may imitate in their results the effects of specific genes 
lends support to the idea, already mentioned, that one of the chief results 
of a gene difference is a change in the rate of one or more physiological 
processes. In the production of phenocopies rate changes are brought 
about by temperature differences. In genetically different races they 


Fig. 147. — The effects of the vestigial-notch (vg/vg^^) genotype on the development 
of the wings in Drosophila pupae. Left, a wing shortly after pupation, still normal. 
Center, a later stage showing beginning of degeneration. Right, a still later stage, degen- 
eration of outer parts completed. {From Goldschmidt,) 


are probably induced by differing concentrations of enzymes, hormones, 
organizers, or other catalyzing substances, arising in some way from 
changes in the gene itself. 

The hypothesis that gene effects in development are determined pri- 
marily through altered rates of various metabolic processes is one of the 
important ideas that has emerged from the study of developmental 
genetics. It can be applied in so many cases and presents such a rela- 
tively simple picture of the mechanism of gene action that many students 
of the problem, follomng Goldschmidt, regard rate changes as the chief 
means by which genes wmrk. We should be cautious as yet in applying 
the rate hypothesis universally, however, for there are certain types of 
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characters, notably the important ones of form or pattern, which are 
hard to interpret on this basis. The possible relationship between genes 
and rates has already done much to bring genetics and the physical sci- 
ences closer together, and it provides a most useful hypothesis for an 
attack upon the problems of developmental genetics. 

These ideas on gene action derived from genetically analyzed material 
take on added significance when one notices their general resemblance 
to the leading ideas which are emerging from the modern work in experi- 
mental morphology. Thus Stockard observed that changes in rate of 
development often cause profound differences on the adult. He found 
that fish eggs placed, during early development, in solutions of substances 
which tended to retard the rate of development produced embryos and 
adults with a single median eye (Cyclopean monsters) and other evidences 
of deficient development in the head region. Treatment before or after 
a short critical period does not produce these changes. The new char- 
acters are nonspecific; they can be called forth by a wide variety of 
conditions whose chief effect is to increase or decrease the rate of develop- 
ment. The localization of the. effect is due to the rapidity with which 
certain parts are developing at the time when the change occurs. Those 
parts w^hich are moving most rapidly at the time w^hen the general slowing 
dowm occurs are most affected. 

The general theory of axial gradients as developed by Child is couched 
in somewhat similar terms. It is assumed that those regions of the early 
embryo which show the highest activity, as judged by their rate of 
metabolism, exercise a dominant influence over the development of the 
regions nearest to them. When, as is frequent, the dominant region is 
the head, the other regions along the line from head to tail show the 
effects of the activity of the head region according to their position rela- 
tive to it. Through the establishment of such a gradient, one region is 
able to determine a pattern and to induce a specific type of differentiation 
chiefly by virtue of its greater metabolic rate. 

Spemann’s theory of organization centers is fundamentally similar. 
Here influences are shown to emanate from certain centers of high growth 
activity and to control the differentiation of tissues near them. The 
classic experiment is the transplantation of a tiny bit of tissue, near the 
dorsal lip of the blastopore, from an early amphibian embryo to 
another location in another embryo. Here the piece induces the forma- 
tion of a new neural tube and other fundamental structures of a new^ 
embryo out of tissues which would otherwise have formed quite different 
organs. 

The significant features in all these cases are variations (1) in rates 
of development at critical times and (2) in the relationships of parts. 
It is probably through such channels that reconciliation may be brought 
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about, insofar as this may eventually be possible, between theories of 
gene action and general theories of development. 

Prospects. — These few facts and ideas about the relations between 
genes and characters have been obtained chiefly through a study of the 
development of phenotypes, by an extension of the traditional methods 
of genetics to which Haecker gave the name phenogenetics, but which 
falf within the field more usually called Developmental Genetics or 
Physiological Genetics. Such questions are at present under active 
investigation, and considerable progress may be expected, chiefly through 
the application of the methods of descriptive embryology and of develop- 
mental mechanics and physiology, such as transplantation, explantation, 
and controlled modification of the environment. The results so far 
have been to extend our knowledge of developmental effects back toward 
the gene without actually reaching its first or intracellular effects. Many 
facts point to the likelihood that genes produce or secondarily influence 
catalytic processes; and one of the most remarkable facts regarding the 
o'ene that it reproduces itself so faithfully, has been taken to in^cate 
that ’it acts as an autocatalyst, producing another gene in its own image 
at each cell division. The great gap in our _knowledge, that between 
the gene and its first recognizable effect, will probably ^e^^am unti 
other techniques and ideas, chiefly those from physics and chemistry, 

are developed and applied. ^ 

In the meantime other hypotheses are emerging from studies ot 
mutation that are directed toward elucidating the structure ofthe gene^ 
Some of the channels through which a gene produces its effects may 
eventually be inferred from knowledge of the kinds of changes it under- 
goes when it mutates. Although the study of mutations Jy 

radiations has provided new and important information about this 
TroC it hat not yet progre,ted fan enough to 

concerning the structure of the gene or the nature of the cell processes 

..hich are altered by mutation. Moat ‘f “ 

fhromosomes consist of a discontinuous senes of loci each with char 
:S;“rtiea probably dependent - 

Structure of the material at each locus. This local structure is me 

quently pictured at a large protein moleoule to which are attached vanou 

- m part 
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assumed from studies of development. Several investigators, notably 
Goldschmidt, have recently suggested that the chromosome and not the 
gene is the essential molecular unit and that genic changes (point muta- 
tions) derive their properties from changes in the pattern of this long 
molecular structure. Although it holds promise for the future, the 
position-effect hypothesis, because of its radical nature and the few cases 
in which conclusive proof for it has been offered, cannot as yet be directly 
related to developmental genetics. 
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PROBLEMS 

426 How would you decide by experimental methods whether changes in 
many characters were manifold effects of the same gene or were due to closely 
linked genes? 

427. In poultry a bit of tissue from an early homozygous creeper embryo, when 
m-afted into a normal egg, may live beyond the time when the creeper embryo 

usually dies, Wliat conclusions can you draw from this fact . 

428. What are the chief reasons for supposing that genes exert their effects 
tlirough intermediate products in the c 3 rtoplasm? 

429. At what period in the life of a cell do you think that the genes would be 
most likely to affect the cytoplasm? 

430. In what ways do you think that a gene might affect the rate of develop- 

iiient? 

431. With what other conditions in the ceU do you think the plane of the 
mitotic spindle would be correlated? 

432. How can a gene affecting egg characters be detected m a male? 

433 In what ways might a gene which causes retardation in development 
(asSthe cale ^f creJper foil embryos) cause the death of the individuals homo- 

zygous for it? , i x a 

‘ 434. It has been shown in prinuoses that genes which result 

lobed leaves tend to affect the petals of the flower in somewhat the same way. 

The dominant gene for Brachyury (p. 375) causes a 
ingtftl JSil in the Eu^ropean house ~ J^n such 
Oriental iiouse mice (Mm bactnanus), hybrids with the Bracfiy y g 
Sfelf or neariy normal length. Suggest an explanation. . 
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436. In house mice two true-breeding tailless lines, A and B, have been derived 
from the Brachyury stock (p. 375). The litter size in each line is about half 
that of normal mice. Line A tailless crossed with line B tailless produces about 
two-thirds tailless and one-third normal and litter size is about three-fourths that 
of normal mice. Suggest an explanation. 

437. Below are given the mean wing lengths of female vestigial- winged Droso- 
phila which were hatched and began their larval life in an incubator at 27°C. and 
were then transferred after various periods (given in column at left) to 17''C.j at 
which temperature they completed their development (data from Stanley). 


. AT 27°C. 

Mean Wing Length, 
Millimeters 

0 

0.556 ±0.009 

8 

0.574 ± 0.010 

16 

0.550 ± 0.007 

24 

0.584 ± 0.004 

32 

0.598 ± 0.006 

40 

0.621 ± 0.012 

48 

0.641 ± 0.005 

56 

0.664 ± 0.005 

64 

0.716 ± 0.004 

72 

0.721 ± 0.007 

88 

0.710 ±0.009 

112 

0.691 ± 0.011 

136 

0.669 ± 0.012 

184 

0.678 ± 0.013 


From these data w^hat is the effect of temperature on the development of 
vestigial wings? Define the ^'critical period^’ for this effect? 

438 . In Gammarus chevreuxi crosses of wild type with dark red eyes (rapidly 
darkening type) by certain red-eyed mutant stocks (slowdy darkening type) 
give rapid darkening Fi and 3 rapid: 1 slow in F 2 (Fig. 143, p. 380), Certain 
other red-eyed (slow) stocks crossed with dark red (rapid) stocks give rapid 
darkening in Fi and in F 2 a range of variation from extremely rapid to extremely 
slow without clear segregation. Extreme types from this F 2 breed true; F 2 
intermediate types bred together again produce the F 2 range of variability. 
How would you interpret these data in terms of rate factors and how would you 
test your interpretation experimentally? 

439. In Gammarus assume that a gene d retards the development of black 
pigment (darkening) until sexual maturity. If RR is rapid darkening (black) 
type and rrDD is normal slowly darkening (red) type, what results would you 
expect from the following crosses (describe eye color of progeny (1) before and (2) 
after sexual maturity) : 

¥2 from rrDD X rr id 
Fi from rr Dd X rr dd 
Fi from rr Dd X Rr DD 
Fifrom Rr dd X rr Dd 
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Note . — In four-o^clocks there are two factors, Y and R, wliich affect flower 
color. Neither is completely dominant, and the two interact on each other to 
produce seven different flower colors, as follows: 

YY RR = crimson Yij RR = magenta 

YY Rr ^ orange-red Yy Rr = magenta-rose 

YY rr = yellow Yyrr = pale yellow 

yy and yy rr = white 

440. In Four-o’clocks, cross a crimson-flowered plant with a white one, 
yy rr. What will be the appearance of the Fi? Of the F 2 ? Of the offspring 
of the Fi crossed back on its crimson parent? On its white parent? 

441. What will be the flower color in the offspring of the following four- 
o’clock crosses? 

YY Rr X yy Rr Yy rr X yy Rr 

442. Wliat assumptions can you make regarding the chief chemical effects 
of the genes Y and R in the preceding problems. How would you test the 
assumptions? 



APPENDIX 

CULTURE METHODS FOR DROSOPHILA MELANOGASTER 

The carrying out of actual breeding experiments in the laboratory is a valua- 
ble aid to an understanding and critical appreciation of the principles set forth 
in this book. The best animal material for such experiments is Drosophila 
melanogaster of which wild-type and mutant stocks may now be obtained from 
biological supply companies. As an aid in breeding Drosophila we have added 
a brief summary of some methods that have been found satisfactory by investiga- 
tors and laboratory classes. It is based chiefly on the recent paper of Bridges.^ 
A more detailed account of technical methods will be found in the paper of 
Lebedeff.^ 

The chief requirements of this insect are (1) living yeast cells, which form 
the chief food of the larvae; (2) an optimum temperature of about 25°C., although 
for ordinary segregation experiments this may vary from 22 to 27°, that is, 
about the usual room temperature; (3) adequate, but not too much, moisture. 

The food conditions are met by several culture media which provide a good 
physical substrate and a sufficient supply of sugars for good growth of yeast. 
Recipes for three such media are given below: 


Table XXXII 

(Parts per 100, grams or cubic centimeters) 



1. Banana 

2. Corn- 
meal 

3, Banana 
molasses 

Water 

47.8 

74.3 

60.0 

Agar-agar 

1.5 

1.5 

1.5 

Banana pulp 

50.0 

1 24.0 

Molasses 

13.5 

12.0 

Corn meal 


10.0 

Brewers’ yeast (dried) 

1 

(1.5)='^ 

0.7 

1.8 

'Moldex” 10 per cent solution 

0.7 

0.7 


'^'This formula may be enriched and the quality and yield of flies increased by addition of dried 
brewers’ yeast to the cooked food mixture. If yeast is used, reduce molasses to 12 parts. 

Mixture 1 is easily prepared and best for weak stocks. Mixture 2 is cheaper 
and prepared from materials that can be kept on hand; it is adequate for all except 
weak stocks and is recommended for general laboratory use; may be improved by 

^Bridges, C. B. 1937. Revised data on culture media and mutant loci in 
Drosophila melanogaster. Tabulae Biologicae 14 : 343-353. 

^Lebedefp, G. a. 1937. Methoden zur Ziichtung von Drosophila. Handbiich 
der Biologischen Arbeitsmethoden. Abt. 9:1115-1182. 

397 


39.8 


PRINCIPLES OF GENETICS 


added yeast. Mixture 3 is more costly but an excellent medium for experiments 
where large yield and optimum growing conditions are essential. 

Concerning the ingredients the following specifications are given by Bridges. 

Agar — the cheapest grade (No. 3) is satisfactory. 

Bananas—peeled pulp of fresh, fully ripened fruit, strained or put through 
potato ricer. 

Molasses — the best is sorghum molasses; sugar-cane molasses, free from 
sulphur dioxide, is satisfactory. ^‘Karo’^ corn syrup is about as good. 

Corn meal — ground yellow maize meal; may be replaced b}" boiled potato or 
wheat flour. 

Moldex — very important since it eliminates molds, but in concentrations 
above 0.1 reduces growth of yeast and flies. Use Moldex-A dissolved in 
95 per cent alcohol. Same concentration of Nipagin-T or Nipagin-M 
(more expensive) may be substituted. Moldex-A may be obtained from 
Glyco Products Co., 148 Lafayette St., New York City. 

The method of preparation of Mixture 2, as employed at the Genetics Labora- 
tory, Columbia University, is given to illustrate application of such a formula 
to the small quantities usually prepared by individual students. The ratio of the 
ingredients is slightly modified for convenience in weighing and measuring. 

Materials for 12 half-pint (wide-mouthed or milk) bottles: water, 750 cc.; 
agar, 15 grams; molasses, 125 cc.; corn meal, 110 grams; Moldex, 1.0 gram; 
95 per cent alcohol, 5 cc. 

1. Dissolve Moldex in alcohol. 

2. Cut agar into small pieces and soak in 500 cc. of water for ten minutes. 

3. Soak corn meal (and brewers^ yeast, if used) in remaining 250 cc. of water. 

4. Add Moldex solution to agar solution. 

5. Boil agar mixture slowly until agar is dissolved. 

6. Add molasses to agar solution with constant stirring; bring to boil. 

7. Add corn-meal suspension to agar solution, stirring constantly; keep 
mixture at a boil for a few minutes. 

8. Uncap 12 sterilized bottles and pour about 1 to 1 inches of medium 
into each; avoid spilling food on tops or sides of bottles. 

9. In each bottle place a strip of filter paper or paper towel with its end in 
the food. This is to provide additional surface on which larvae may crawl up to 
pupate. 

10. Plug bottles with unwaxed milk bottle caps or with cotton batting 
wrapped in cheesecloth, and allow to cool to room temperature. 

11. When cool, cut out from each culture a small portion of the food mass at 
its side to make a channel for the escape of carbon dioxide generated under the 
food mass. If this is not done, the whole food cake may rise imthe bottle. 

12. If bottles are to be used immediately (the best procedure), seed the 
surface of the food mass with yeast as follows: Shake M cake of moist yeast 
(Fleischmann^s or similar cake) in a 1- by 4-inch vial of water and add two drops 
of the suspension to the food surface in each culture bottle. 

13. If culture bottles must be stored (in refrigerator), do not sow yeast until 
they are to be used. Allow cultures to reach room temperature before yeas ting. 

14. Add flies to be mated (two or three females and two or three males). 
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Virgin females may be secured from stock cultures from -wliicli all imagoes had 
been removed twelve hours previously. When virgin females are needed from an 
experimental culture, two counts should be made within eighteen hours; females 
from the second count will be virgin. If flies to be mated are under ether, they 
should be brushed into small cone of paper and the cone so placed in culture 
bottle that the flies will not fall out until they have recovered from etherization. 
Kill all cultures by heating in an oven as soon as counts are completed. Para- 
sites, especially mites, increase in old cultures and spread to new ones. 

For methods of securing virgin females, anesthetizing flies for observation, 
and other technical points the student is referred to the paper by Lebedeff cited 
above. A detailed description of the mutants of Drosophila and their inherit- 
ance, as known up to 1925, is given by Morgan, Bridges, and Sturtevant.^ 
The list of most useful mutants in Fig. 82 will suggest crosses for segregation, 
assortment, linkage, mapping, and other experiments. 

For original experiments the effects of various mutants in combination or of 
multiple alleles in compounds; the effects of temperature on dominance, on 
crossing over, and on nondis junction; the determination of the time of death of 
lethals; and the effects of inversions on crossing over are suggested as providing, 
not only interesting experiments for the student, but new information con- 
cerning heredity and development in Drosophila. 

1 Morgan, T. H., C. B. Bridges, and A. H. Sturtevant. 1925. The genetics 
of Drosophila. Bibliographia Genetica 2. 
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